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Ovarian cancer is among the deadliest gynecologic malignancies, accounting for over
13,000 deaths and nearly 20,000 new cases each year in the United States alone. The lethality of
this disease results from several fundamental challenges, including diagnosis at advanced stages,
development of resistance to standard-of-care chemotherapies, and extensive metastasis
throughout the peritoneal cavity. Photodynamic therapy (PDT) is a promising treatment modality
which enables spatiotemporally controlled cancer ablation upon light-activation of specialized
drugs (photosensitizers). Clinical studies have demonstrated the feasibility and safety of PDT for
women with peritoneally disseminated ovarian cancer, though treatment outcomes were limited
by off-target toxicities and the heterogenous cellular uptake of photosensitizer. The use of
antibody-conjugated photosensitizers (photoimmunoconjugates) has the potential to overcome
these prior limitations, making the targeted version of PDT (photoimmunotherapy, PIT) a

valuable tool for ovarian cancer treatment.



The overarching objective of this dissertation is to develop PIT-based strategies for
ovarian cancer management through three complimentary goals: 1) overcome metastatic
behaviors in ovarian cancer using PIT-based combination therapies; 2) bolster photosensitizer
drug delivery using a clinically-relevant, fluid flow-based drug delivery approach; and 3)
enhance cytotoxic effects of PIT through developing a new nanocomplex for
photochemotherapy. This work establishes novel PIT-based combination treatments that
incorporate clinically relevant therapies, including prostaglandin E2 receptor 4 (EP4)
antagonism, poly(ADP-Ribose) polymerase (PARP) inhibition, and epidermal growth factor
receptor (EGFR)-targeted antibodies. Results from this dissertation reveal pronounced
combination effects of PIT and EP4 antagonism, leading to cooperative reductions in metastasis-
related behaviors and cell signaling in vitro. The findings of this work further demonstrate that
fluid flow enhances photoimmunoconjugate delivery, modulates subcellular photosensitizer
localization, and enhances the phototoxicity to ovarian cancer cells in a pump system. Lastly, we
developed 1) a targeted nanocomplex for combination of PIT and PARP inhibitors; and 2) a 3-
dimentional (3D) ovarian tumor spheroid coculture model for the longitudinal quantification of

treatment effects and the development of multidrug resistance.
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Chapter 1: Introduction and Thesis Outline

Ovarian cancer is the deadliest gynecologic malignancy. It is typically
diagnosed at advanced stages, after metastasis to the peritoneal cavity has already
begun. While photodynamic therapy has been tested clinically for peritoneally-
disseminated diseases like ovarian cancer, its efficacy was hindered by heterogenous
photosensitizer uptake and lack of selectivity [1]. Photoimmunotherapy is a clinically-
relevant technology with the potential to overcome these hurdles through the use of
antibody-conjugated photosensitizers. The main objective of this thesis to develop
photoimmunotherapy based strategies for the treatment of advanced ovarian
carcinomatosis. This thesis achieves this goal through two broad aims: 1) establish
rationally-designed photoimmunotherapy-based combination therapies; and 2)
engineer drug delivery modalities to mediate uptake of targeted photosensitizer by
ovarian cancer cells.

Chapter 2 delivers essential background with literature summaries on topics
that are central to this thesis. The origins, scope, and standard-of-care therapeutic
regimen for advanced ovarian cancer are first explored. Next, the underlying
mechanisms of photodynamic therapy (PDT) are probed, along with its role in the
modulation of the tumor microenvironment (TME). Particular emphasis is placed on
the use of nanoengineering approaches for targeting of photochemical damage to
cancer and cancer-associated cells. Next, the cancer-promoting role of EP4 is
explained along with the current status of EP4 inhibitors in the clinic. Lastly, the

biological functions of poly(ADP-ribose), PARP, and poly(ADP-ribose) polymerase



inhibitors are explored. The major impact of these inhibitors on the clinical treatment
of ovarian cancer and other malignancies is further discussed.

Next, chapter 3 explores the role of low-dose PDT (photodynamic priming,
PDP) in combination with inhibitors of EP4 for mitigation of ovarian cancer
migration and invasion. In this work, the photosensitizer benzoporphyrin derivative
(BPD) is chemically coupled with the EGFR-targeted antibody, cetuximab (Cet). This
construct (photoimmunoconjugate, PIC) is paired with well-established EP4 inhibitor,
AH23848, and used to treat OVCAR-5 and CAOV3 advanced ovarian carcinomatosis
cell lines. Methods for therapeutic effect evaluation include gap closure assay,
transwell invasion assay, immunoblotting, and enzyme-linked immunosorbent assay
(ELISA). Results reveal potent anti-migratory and anti-invasive effects of the
combination of PDP (using either BPD or PIC) with EP4 inhibition. PIC-mediated
PDP combined with EP4 inhibition also downregulated multiple tumor-promoting
signaling pathways including phosphorylation of EGFR, extracellular signal-
regulated kinases 1/2 (ERK1/2), and cyclic AMP response element-binding protein
(CREB). Overall, this chapter supports the development of PDP-based combination
therapies with EP4 inhibition with an emphasis on antibody-targeted photosensitizers.

In chapter 4, the role of flow as a delivery method is explored for multiple
photosensitizer formulations (free, antibody conjugated, and liposomal). In the clinic,
during the hyperthermic intraperitoneal chemotherapy (HIPEC) procedure, a pump
system is used to circulate drugs in the peritoneal cavity for the treatment of
peritoneally disseminating malignancies like ovarian cancer. However, the impact of

flow-mediated delivery on the therapeutic efficacy of photodynamic therapy remains



understudied, which this chapter seeks to elucidate. A microfluidic chip is used in
conjunction with a pump system to generate laminar flow of drugs across OVCARS
and OVCAR3 ovarian cancer cells. The PDT-based agents evaluated include BPD,
PIC, and PIC-conjugated liposomes (PIC-Nal). Metrics of efficacy include total drug
delivery, subcellular drug delivery, and cell killing. Results demonstrate that fluid
shear stresses at 0.5 and 1 dynes/cm? significantly enhance the total and subcellular
delivery of PIC. Cell killing after treatment with all three photosensitizing agents was
evaluated at multiple light doses following treatment at 0 vs. 1 dyne/cm?. All three
agents show enhanced cytotoxicity when delivered under flow compared to static
conditions. Data is further validated using confocal microscopy to show cellular
accumulation.

Next, chapter S expands on this work by developing a targeted nanoparticle
for codelivery of PARP inhibitor, talazoparib, with photosensitizer, BPD, for
targeted photochemotherapy. First, talazoparib-loaded nanoparticles (NP-Tal) are
engineered and surface decorated with PICs (PIC-NP-Tal). The amount of talazoparib
and polymer are varied to establish optimal particles with sufficient loading and
appropriate size and polydispersity index (PdI). Next, the number of PICs-per-
nanoparticle is optimized. The resulting construct is comprehensively characterized
for stability, singlet oxygen generation, absorbance spectra, cancer cell selectivity,
and photoactivity. In parallel, a fluorescent 3D coculture system is developed for
validation of therapeutic effect. Cancer nodules are grown using the parental
OVCARS8-DsRed cells and a chemo-resistant subline, NCI/ADR-RES-EGFP, which

are seeded at equal densities and tracked up to 12 days. Consistent with previous



work in 2D cocultures, the 3D cocultures show domination of the chemo-sensitive
cells in the absence of treatment. Results reveal that at low doses, NP-Tal induces
chemo-resistant selection pressures by killing the chemo-sensitive parental cells and
sparing the chemo-resistant subline. At higher doses of NP-Tal, the viability of both
cell lines is reduced to equivalent degrees over time. Further studies reveal potent
combinational effects of PIC and NP-Tal both when treated together (PIC + NP-Tal),
though there are less impressive effects for the nanocomplex (PIC-NP-Tal).

To conclude this thesis, chapters 6 and 7 overview the conclusions, future
work, and scientific contributions. One area of expansion on the work in chapter 3 is
the evaluation of PDT and EP4 inhibitor in the context of immune cell population and
phenotype modulation. Both PDT and EP4 have long-established roles in anti-tumor
immunity, though their combination in this context has yet to be explored. Further
mechanistic rationale for this combination is expanded in chapter 6. Another future
avenue for exploration is the direct quantification of fluid shear stress in the
peritoneal cavity during HIPEC. While HIPEC is applied in the clinic across the
globe, the fluid shear stress rates achieved during the procedure are unknown. This
has been a major challenge for preclinical research seeking to recapitulate HIPEC-
like conditions. A third area for future work is the in vivo evaluation of the PIC-NP-
Tal construct invented in this thesis, particularly in the context of tolerability and
bioavailability. To conclude, chapter 7 highlights a list of contributions to the field,
which are encapsulated in the 10 expected publications and 8 conference

presentations that have resulted from this thesis.



Chapter 2: Background

2.1 Ovarian Cancer
2.1.1 Scope and Pathogenesis

Ovarian cancer will account for approximately 13,000 deaths and over 20,000
new cases in the Unites States this year alone [2]. While the five-year survival rate for
stage | disease is 92%, over 75% of patients are diagnosed at advanced stages (I1I-IV)
with limited treatment options, bringing the overall five-year survival rate below 50%
[3-5]. Ovarian cancer is a heterogenous disease that can originate at the ovary,
fallopian tube, or peritoneum, and risk factors include genetics, oral contraceptive
use, hormone replacement therapy, reproductive history, and diet, among others [5,6].
Additionally, there are multiple histological subtypes that vary in cellular origin,
pathogenesis, and prognosis: high-grade serous, high-grade endometrioid, low-grade
serous, low-grade endometrioid, clear-cell, and mucinous [5,6]. High-grade serous
carcinoma (HGSC), which generally (80%) originates at the fallopian tube, is the
most common histological subtype and accounts for 70% of diagnoses [5,7]. Unlike
most epithelial cancers, HGSC does not require vascular or lymphatic transit for
metastatic spread. Instead, the primary mechanism of HGSC metastasis,
transcoelomic spread, involves the deposition of cancer cells and clusters throughout
the peritoneal cavity, carried by the passive physiological movement of accumulated
peritoneal fluids (ascites) [8,9]. Once ascites-carried cells and clusters are deposited
along the peritoneum, metastatic niches form, and tumor-promoting

microenvironments develop [8].



2.1.2 Ascites and Fluid Shear Stress

The accumulation of ascites in the peritoneal cavity is a hallmark of advanced
stage ovarian cancer and is associated with chemoresistance, metastasis, disease
recurrence, and overall poor prognosis [10,11] (Figure 2.1). Over 1/3 of patients
experience ascites at diagnosis, and nearly all have ascites at recurrence [10]. This
fluid development is primarily caused by increased vascular permeability, which is
mediated by the accumulation of angiogenic factors such as VEGF and interleukin 6
and 8 [11,12]. Another proposed mechanism of ascites development is obstructed
lymphatics. Under normal physiological conditions, lymphatic vessels reabsorb
peritoneal fluid. Disseminated tumors obstruct these lymphatic portals on the
peritoneal surface, enabling fluid accumulation [11]. While this is likely a contributing
factor to the development of ascites, mouse models and clinical work show that
ascites develops in the absence of bulk tumors obstructing lymphatic flow, suggesting

that it is not the primary factor [11,13].
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Figure 2.1: Malignant ascites in the dissemination and progression of ovarian cancer.

Malignant ascites contributes to intraperitoneal tumor dissemination. Tumor cells
detach from the primary tumor site as individual tumor cells or as tumor cell clusters,
which can travel via currents of ascitic fluid to other intraperitoneal sites and create
secondary cancer sites (transcoelomic route).!
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Acellular, and Biophysical Determinants of Molecular Characteristics and Therapy Response. Cancers (Basel)
2021, 13, 4318. Open access (CC BY). Figure is cropped from original print.



Ascites is a repository for cellular and acellular factors that stimulate
biological deregulation and cultivate a microenvironment that facilitates cancer
growth and metastasis [14]. Cellular factors in ascites include tumor cells and tumor-
associated cells, such as such as cancer-associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs), and cancer-associated adipocytes [15]. Acellular
factors include cytokines, proteins, metabolites, and exosomes, which mediate
autocrine and paracrine signaling between cells [14,16]. Many of these factors
dysregulate cell signaling pathways that are implicated in cell migration and
ultimately drive the development of metastatic disease [17-21]. In addition to
containing tumorigenic factors, ascites also mediates mechanical stimulation via fluid
shear stress. Ascitic flow is induced by organ movement, gravity, breathing, and
bodily movements. While human ascites shear stress rates have not been measured
precisely, they are estimated to be in the range of 0.14-11 dynes/cm? based on a
computational simulation of gastrointestinal wall shear stress values [22,23]. This
continuous flow promotes metastasis through exfoliating cancer cells and clusters and

stimulating cell signaling pathways [24].

2.1.3 Standard-of-Care for Advanced Ovarian Cancer

The standard-of-care treatment for advanced ovarian cancer involves surgical
cytoreduction (debulking) for removal of gross macroscopic disease coupled with
adjuvant chemotherapy (platinum-taxane cocktail) [25]. Chemotherapy can be
delivered intravenously or intraperitoneally, and intraperitoneal administration can
occur under static conditions or using a perfusion system to achieve HIPEC. Despite

receiving the standard-of-care treatments, up to 80% of advanced ovarian cancer



patients will experience recurrent disease [26]. Relapse within 6 months indicates
platinum-resistant disease and is linked to poor prognosis. Treatment options for
platinum resistant disease include paclitaxel, polyethylene glycol (PEG)-ylated
liposomal doxorubicin, topotecan, and gemcitabine, all of which offer similar
response rates (~12 month overall survival) [27]. Patients that relapse at least 6
months after completion of initial therapy are deemed platinum-sensitive and will
receive platinum-based treatment either alone or as part of a combination regimen.
Unfortunately, response rates to platinum rechallenge typically worsen with each
subsequent treatment until platinum resistance is developed [27].
2.2 Photodynamic Therapy?
2.2.1 Photochemistry and Mechanisms of Toxicity

PDT is a minimally invasive treatment modality that is used for oncologic and
nononcologic applications and has been explored for the modulation of the TME
[28,29]. The cytotoxic mechanism of PDT is based on inducing photodamage through
the excitation of a nontoxic photoactive chemical, a photosensitizer (PS), using light
of a specific wavelength [30]. A PS, in singlet ground state, absorbs a visible photon
of appropriate energy and becomes electronically excited to a singlet excited state.
The PS then either decays to the singlet ground state by generating fluorescence or
undergoes intersystem crossing to the triplet excited state. From there, the molecule
can interact directly with molecular oxygen or with another substrate via electron or
proton transfer to return to the singlet ground state. When these photochemical

reactions result in the generation of sufficient amounts of singlet oxygen or other

2 Materials from this section are adapted from Sorrin, A.J., Kemal Ruhi, M., Ferlic, N.A., Karimnia, V.,
Polacheck, W.J., Celli, J.P., Huang, H.-C. and Rizvi, 1. (2020), Photodynamic Therapy and the Biophysics of the
Tumor Microenvironment. Photochem Photobiol, 96: 232-259. https://doi.org/10.1111/php.132009.



reactive molecular species to cross the threshold of cell survival, toxicity is conferred
to the target tissue, such as cancer cells [30,31].

The modes of cell death activated by PDT (e.g., apoptosis, necrosis,
necroptosis, lethal autophagy or paraptosis) depend strongly on the type of PS used
and the subcellular and/or extracellular PS localization at the time of light activation.
Mitochondrial photodamage generally leads to the initiation of apoptosis through the
direct release of cytochrome ¢ and degradation of the antiapoptotic Bcl family of
proteins, without effects on proapoptotic Bax [32-34]. The initiation of apoptosis by
direct mitochondrial photodamage is significant in cancer therapy because this
pathway bypasses many of the escape and repair mechanisms through which cancer
cells are able to develop resistance to traditional treatments. PDT can also cause
toxicity by initiating necrosis, and causing white blood cells to release cytokines, such
as necrosis factors [35,36]. Depending on the type of photodamage and the underlying
biology of the target cells, PDT can also cause lethal levels of autophagy [37], or as
has been reported more recently, can trigger paraptosis, a response, in part, to
misfolded endoplasmic reticulum (ER) proteins [33]. Combining PS or PS
formulations to enhance PDT efficacy by targeting complementary tumor
compartments or subcellular sites has also shown promise [38-45]. Importantly,
because the timing, location and intensity of light activation can be carefully
controlled, PDT is inherently a targeted therapeutic modality. Exploitation of PDT-
mediated cytotoxic mechanisms has been used in combination with conventional and

emerging therapies to overcome chemoresistance [46] and to enhance efficacy [47-52].



2.2.2 Photodynamic Therapy and the Tumor Microenvironment

In addition to inducing spatially and temporally selective cytotoxicity, PDT
can also alter the TME by targeting specific malignant and nonmalignant cells as well
as extracellular components. This damage is highly dependent on PS localization,
which is dictated by the structural and chemical properties of the PS and the PS-light
interval (the time interval between PS administration and light exposure). Some PSs
localize preferentially in specific tumor compartments, such as Tookad, which largely
stays in the vasculature [53,54]. Other PSs, such as BPD, can target various tumor
compartments (e.g., vasculature, ECM, cancer cells) depending, in part, on the PS-
light interval. The use of Tookad and BPD in the context of vascular-targeted PDT is
further discussed in a later section.

The localization of the PS directly influences the treatment outcome. For PDT
targeted to the vasculature, there can be a range of effects, including vascular
permeabilization for the enhanced delivery of nanoscale therapeutics, as well as blood
vessel occlusion which can result in increased tumor hypoxia. [55-58]. Additionally,
PDT that is targeted to the ECM can alter ECM composition through hyaluronic acid
degradation and collagen crosslinking [59-61]. PDT-induced collagen crosslinking is
being researched for the treatment of keratoconus of the cornea and intimal
hyperplasia mediated vascular cell migration [62,63]. However, PDT can also lead to
the degradation of collagen through damaging fibroblasts and causing the release of
MMPs [64,65]. While the degradation of collagen prevents desmoplasia and increases
drug penetration, it may also lead to increased invasion and metastasis of cancer cells

[66-68]. Therefore, the effects of PDT on ECM composition can be highly varied, and
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destruction of stromal components does not necessarily improve treatment outcomes.
For example, previous work has shown that the depletion of the heterogeneous stroma
results in more aggressive cancer behavior. In one study, a transgenic mouse was
generated with the ability to delete aSMA™ myofibroblasts in pancreatic cancer, and
the depletion of the stroma caused invasive tumors with diminishing mouse survival
[69]. Therefore, destruction of stromal components could aggravate disease
progression, so PDT treatments designed to target stromal components must be
carefully studied and optimized. A summary of PSs that are commonly used in clinics
and in preclinical research is presented in Table 2.1, along with their localization

characteristics [41,70-80].

Table 2.1: Photosensitizers that are commonly used in the clinic and in preclinical
studies. Hematoporphyrin Derivative (HpD); mono-l-aspartyl chlorin e6 (NPe6); zinc
phthalocyanine (ZnPc); Aminolevulinic Acid (ALA).

Photosensitizer Family Generation Localization References

HpD Porphyrin I+ Multiple organelles | [70,80]
and cell membrane

BPD Porphyrin 2nd Mitochondria and [71,72]
ER, or vasculature
depending on the
photosensitizer-
light interval

NPe6 Chlorin 2nd Lysosomes [41,78]

Tookad Bacteriochlorin | 2™ Tumor vasculature [73]
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Photosensitizer Family Generation Localization References

Photofrin Porphyrin I Plasma membrane [74]
and Golgi
apparatus

Foscan Chlorin 2nd ER and Golgi [75,76]
apparatus

ZnPc Phthalocyanine | 2" Mitochondria and [77]
lysosomes

ALA Porphyrin 2nd PpIX produced in [79]

mitochondria, some
relocalizes to the
plasma membrane
and lysosomes

2.2.3 Targeting by Cellular and Tissue Modulation

Cellular and tissue modulation is among the most translationally relevant
approaches to enhance selective treatment of target tissue. In the case of targeted PDT
for cancer, a major goal of this targeting strategy is to increase the accumulation of
PSs in tumors. Cellular and tissue modulation, also known as biomodulation, is the
alteration of biological mechanisms by which cells metabolize, take up or retain PSs
to selectively enhance PDT efficacy [81]. A focus of this section is the heme
biosynthesis pathway utilized in mammalian cells, also known as the Shemin
pathway, which involves the conversion of 5-ALA to heme [82-88]. The penultimate
step in this pathway is the production of PpIX (Figure 2.2a) A preferential site of
localization of PpIX is the mitochondria [89]. PpIX can also be transported into the
cytosol by mitochondrial adenosine triphosphate (ATP)-binding cassette transporter

G2 (ABCG?2) [90,91]. The production of PpIX can be increased by modulating key
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enzymes in the heme pathway, such as coproporphyrinogen (CPO) and ferrochelatase
(FECH). ALA is a prodrug that is approved by the FDA for fluorescence-guided
resection of gliomas and photodynamic treatment of actinic keratosis [92-94].

Preferential accumulation of PpIX in cancer cells results from dysfunctional
activity of key enzymes in the heme pathway compared to healthy tissue. This
includes decreased FECH activity and increased CPO activity, which increases the
production of PpIX and limits its conversion to heme, leading to increased
accumulation of the PS in target tissue [95]. In 1979, Malik and Djaldetti first showed
that ALA enhanced the synthesis of hemoglobin as well as the intermediate precursor
uroporphyrin and PpIX [96]. Later, in 1987, eighty basal cell carcinomas (BCC) were
treated using ALA-induced PpIX-based PDT by Kennedy and Pottier, with a 90%
response rate [97-99]. Among the advantages of PpIX is that it is rapidly cleared from
the skin from topical, systemic, oral or intradermal administration, thereby
minimizing skin phototoxicity [99,100]. Difficulties arise in using this treatment due to
insufficient or nonuniform PpIX accumulation in the cancerous tissue, highlighting
the need for approaches such as cellular and tissue modulation.

To overcome the problem of insufficient or nonuniform PpIX accumulation,
various methods to modulate the heme pathway have been developed. Cells that are
poorly differentiated and rapidly proliferating, as is common in many tumors, may
produce insufficient amounts of PpIX [81]. One area of investigation to address this
issue involves the use of cellular differentiators such as vitamin D or its analogues,
methotrexate, retinoic acid, 5-fluorouracil acid, iron chelators and the androgens Sa-

dihydrotestosterone (DHT) and R1881 [101-127].
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Treatment efficacy can be influenced by microenvironmental factors such as
temperature, pH and oxygen availability/hypoxia [128-133]. An emerging area of
investigation is the role of mechanical stress on PpIX production and accumulation. A
study by Niu ef al. [134] using two glioma cell lines of bulk/solid tumors, U373 and
U118, showed that cell proliferation rate increased in a nonlinear fashion as substrate
stiffness increased. Their motivation was to study cell proliferation, and PpIX
synthesis in glioma cells on substrates simulated the tissue stiffnesses of normal brain
(1 kPa) and glioblastoma (12 kPa) [135-137]. The two cells used to evaluate the effects
of mechanical stiffness were selected based on a previous study of PpIX production
in a panel of 10 glioma cell lines. U373 was determined to produce the most PpIX,
while U118 produced the least [138]. Evaluation of PpIX production in these two cell
lines on substrates of varying stiffnesses showed that the mechanical properties of the
underlying matrix affected each cell line differently. In the U118 cell line, a stiffer
microenvironment led to increased PpIX accumulation with no change in the rate of
cell growth [135]. In contrast, substrate stiffness had no significant effect on PpIX
accumulation in the U373 cell line (Figure 2.2b) [135]. In another study by Ulrich et
al., micromechanical cues from the ECM on glioma cells were evaluated by testing
various ECM substrates with different mechanical and biochemical properties. It was
found that ECM elasticity strongly affects glioma cell structure, motility and
proliferation [136]. These findings highlight the impact of the ECM on cell
morphology, cytoskeletal organization, motility and control of MMII-mediated
intracellular contractility [136]. Further studies must be done to clarify the effects of

mechanical stiffness on PpIX production in glioma and other cell types.
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Figure 2.2: Protoporphyrin IX and Matrix Stiffness

(a) Summary of the pathways involved in targeting by cellular and tissue modulation,
and (b) increased PpIX accumulation with higher substrate stiffness in glioma
cells [134].
2.2.4 Functional Targeting

The TME acquires a unique set of biochemical traits which are closely
connected to tumorigenesis [139]. While this distinct TME is linked to proliferation
and metastasis, it also provides opportunities for the development of PSs that target
these unique features through a strategy termed functional targeting. One aspect of
functional targeting is the enhanced permeability and retention (EPR) effect, which
causes an increase in nanoparticle accumulation and retention at the site of a tumor
due to hyperpermeable tumor vasculature and insufficient lymphatic drainage. This
phenomenon has been exploited for cancer treatment through the design of
nanomedicines for drug targeting to tumors, though there is significant heterogeneity

that limits the influence of the EPR effect on drug localization [140-142]. Various

photochemistry-based strategies have been employed to enhance the EPR effect
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through vascular permeabilization to improve nanomedicine extravasation in tumors.
PDT has also been used clinically to occlude vasculature, with the goal of restricting
the supply of blood to the tumor. Other unique features of the TME that are leveraged
to achieve functional targeting include hypoxic and acidic conditions (Figure 2.3).
As discussed in a previous section, tumors develop hypoxic conditions due to an
imbalance in oxygen supply and consumption [143]. The abnormal, disorganized
vascular network that develops in the TME provides limited oxygen supply despite an
increasing demand for oxygen generated by the rapidly growing tumor. One of the
byproducts of the hypoxic microenvironment is the development of acidic conditions
[144]. In the absence of oxygen, cancer cells use anaerobic glycolysis, leading to lactic
acid production and a decrease in pH [145]. Interestingly, even when oxygen is
abundant and mitochondria are fully functional, cancer cells can utilize aerobic
glycolysis, producing lactate despite the availability of oxygen. This is termed the
Warburg effect, first described in the 1920s by Otto Warburg [146]. This section will
discuss functional targeting, through which the unique features of the TME, such as

abnormal vasculature, acidity and hypoxia, can be leveraged to achieve targeted PDT.
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Figure 2.3: Mechanisms of functional targeting of photodynamic therapy

Characteristics of the TME that are exploited for functional targeting.

2.2.4.1 Exploiting the enhanced permeability and retention effect and targeting the

tumor vasculature

The EPR effect is a feature of the TME that is characterized by abnormally
high leakage of blood plasma components from the tumor vasculature, as well as their
increased retention in tumors [147]. Enhanced vessel wall permeability arises from the
unique physiology of the tumor vasculature. Normal vasculature in healthy tissues is
hierarchically organized, enabling the efficient delivery of oxygen and
nutrients [148]. Tumor vasculature, on the other hand, is disorganized, tortuous and

hyperpermeable. The development of this vasculature occurs through aggressive
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cancer cell growth and overexpression of proangiogenic factors to accommodate their
high metabolic needs [147-149]. Tumor vessels are also immature, lacking a normal
basement membrane, smooth muscle cells, and pericytes. Immature vessels, in
combination with the presence of large fenestrations, cause hyperpermeability of the
tumor vasculature to macromolecules and nanoparticles [148,150-152]. This enhanced
extravasation is accompanied by poor lymphatic clearance, leading to the enhanced
retention of extravasated particles [147,151]. The vasculature in most nonpathological
tissues is less permeable than tumor vasculature, attenuating drug accumulation in
healthy tissues [153] Therefore, the hyperpermeability of tumor vasculature and
insufficient lymphatic drainage in tumors, in contrast to normal tissues, drive the EPR
effect, which has been exploited for the selective delivery of anticancer drugs to

tumor tissues [152].

The EPR effect is closely related to high interstitial fluid pressure (IFP) in
tumors. The immature, hyperpermeable vasculature allows for extravasation of
plasma fluid and proteins into the interstitial space, and the lack of lymphatic
drainage prevents clearance, causing the fluid to accumulate [140,153]. Additionally,
as the tumor grows, it compresses lymphatic vessels, further decreasing drainage of
interstitial fluid [153,154]. As a result, while the IFP in normal tissue is around zero or
slightly negative, tumor IFP is significantly higher and can reach above 90 mmHg
[155]. High IFP at the tumor site hinders the EPR effect through decreasing the
pressure gradient in the interstitial space, thereby limiting the convective flow that is
normally the dominant mechanism of transport in tissue for macromolecules and

nanoparticles [154,156]. Therefore, a consequence of high IFP is heterogeneity in the
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extent of the EPR effect, limiting nanoparticle drug delivery and causing differences
in therapeutic outcomes between patients. This relationship was confirmed in a
mathematical model developed by Stapleton et al. [157] that associated liposome
accumulation to the transport properties of solid tumors. They found that variations in
peak IFP can cause interpatient heterogeneity in liposome accumulation. To address
the influence of abnormal vasculature on tumor IFP, antiangiogenic therapies have
been developed to normalize tumor vasculature [158]. According to a model by Jain et
al. [159] such antiangiogenic therapies can modulate the TME through increasing
intratumoral convection and decreasing fluid convection into the peritumor tissue or
fluid. Increasing intratumor convection improves drug penetration and distribution,
while decreasing fluid convection out of the tumor decreases the likelihood of
lymphatic metastasis, peritumor edema, and ascites formation.

Knowledge of the EPR effect has had widespread effects on the development
of drug delivery systems for cancer, and various PS delivery vehicles have been
developed that leverage the EPR effect to increase intratumoral PS accumulation
[160]. Examples of nanoparticle delivery vehicles that have been employed for PS
delivery include liposomes [161-165], quantum dots [166,167], viruses [168,169], virus-
like particles (VLPs) [170,171], polymeric nanoparticles [172], silica nanoparticles
[173,174], metal nanoparticles [175], carbon nanoparticles [176,177] and others [178-180].
While the EPR effect has been used as the foundation for the development of a
myriad of nanoparticle drug delivery systems, it has shown limitations in clinical
practice due to high heterogeneity [140]. Due to this heterogeneity, predictive

nanotechnology is being developed to determine if a tumor is likely to accumulate
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nanoparticle drugs through EPR [181]. For example, ferumoxytol (FMX), a 30 nm
magnetic nanoparticle, when administered intravenously and visualized with
magnetic resonance imaging (MRI), was shown to predict both the intratumoral
accumulation of therapeutic nanoparticles, as well as their antitumor effect [182,183].
Such technology could be used to stratify patients based on EPR effect and therefore
has significant implications for personalized medicine in oncology.

The heterogeneity of the EPR effect occurs due to a variety of parameters that
can differ widely between tumors, such as vascular maturation, tumor cell density,
type of cancer and IFP, among many others [140,184,185]. Additionally, there are key
limitations in how the EPR effect is studied. For example, it has primarily been
evaluated in implanted tumors rather than metastatic tumors, despite the fact that
metastases account for 90% of cancer deaths [186,187]. Additionally, the EPR effect is
primarily studied in animal models that poorly recapitulate human tumors [188]. Due
to heterogeneity in the extent of the EPR effect, methods to improve permeability of
tumor vasculature are of great interest for improving drug delivery and therapeutic
outcomes. PDT has been utilized as a novel method to achieve this. For example,
through understanding pharmacokinetics following PS administration, PS-light
interval can be optimized to activate PSs while they are accumulated in specific
compartments to increase permeability to macromolecules and nanoparticles
[49,52,189-191]. Moreover, targeting moieties can be utilized to achieve accumulation
of PSs in the tumor vasculature and perivascular tumor cells to enhance the EPR

effect [192-194].
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A study by Snyder et al. [56] explored the ability of low-irradiance PDT to
permeabilize vessels to macromolecular agents, including fluorescent microspheres
and liposomal doxorubicin (Doxil). Using a murine colon cancer model, when
fluorescent microspheres were administered immediately following PDT, there was
an increase in intratumoral accumulation of microspheres in the range of 0.1-2 um.
When using low fluence rate PDT prior to Doxil administration, there was a
significant increase in Doxil content in tumors, as well as up to 80% long-term tumor
control. Additionally, a study by Gil et al. [57] used PDT as a method to improve the
delivery and efficacy of oncolytic vaccinia virus (OVV) to primary and metastatic
tumors in mice. Tumors that received PDT treatment (128 J cm ™2 at 14 mW cm?)
12 h prior to OVV administration had an over 10-fold increase in viral titers
compared to the control tumors. However, PDT with other light doses (135 J cm™2 at
75 mW cm2and 48 Jcm2?at 7mW cm™?) was less effective, underscoring the
importance of treatment optimization when using PDT to increase intratumoral
accumulation of therapeutics.

While PDT alone can be used to permeabilize tumor vasculature, targeting
moieties can be incorporated to increase binding affinity to target cells. For example,
Zhen et al. [193] synthesized PS-encapsulated ferritin nanocages with peptides
targeted to avfs, an integrin that is overexpressed in neoplastic endothelial cells.
When used prior to nanoparticle administration, these endothelium-targeted PSs
caused an increase in nanoparticle accumulation in tumor tissues by ~20-fold. When
targeted PDT was used prior to treatment with the anticancer drug Doxil in a

xenograft breast cancer tumor model, an increase in treatment efficacy of 75.3% was
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observed. SEM images confirmed that the increased nanoparticle accumulation could
be attributed to large fenestrae in the endothelial walls. Additionally, Sano et al. [194]
showed that photoimmunotherapy (PIT) can be used to achieve an increase in the
EPR effect, termed the super-enhanced permeability and retention (SUPR) effect.
Following the light activation of panitumumab-IR700 constructs that accumulated in
perivascular tumor cells, they observed significantly higher extravasation of a variety
of nanoscale particles. This is attributed to the ability of PIT to cause necrosis
specifically in the antigen-expressing cancer cells in the perivascular space while
leaving nearby normal cells unharmed [195].

Previous work has also demonstrated that PDT can cause time-dependent
changes in tumor IFP, which is normally a barrier to EPR-mediated drug
accumulation in tumors [154,156,196]. A study by Leunig et al. [196] showed that PDT
caused an initial increase in tumor IFP immediately following light administration,
but 24 h after PDT, tumor IFP dropped to 50% of the control in a hamster melanoma
model. In another study, Perentes et al. [58] investigated the IFP alterations caused by
PDT as well as the resulting changes in the accumulation of liposomal doxorubicin.
The authors showed that low-dose photodynamic therapy (L-PDT) reduces tumor IFP
without impacting normal tissue IFP. Additionally, when liposomal doxorubicin was
administered following L-PDT treatment, the drug penetrated significantly deeper
into the tumor tissue compared to the control. Recently, Cavin ef al. [197] explored the
mechanism through which L-PDT alters vasculature to modulate IFP. Using a
pericyte and endothelial cell coculture, they found that PDT alters the function of

pericytes, strengthening their association with endothelial cells. Tumor vasculature
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typically has poor pericyte coverage [150], so increasing pericyte—endothelial cell
association causes vascular normalization, leading to a decrease in IFP and an
increase in convective transport of drugs into the tumor. These studies illustrate that
PDT can have significant effects on tumor IFP, though the effects are dependent on
many factors, including PS-light interval, light dose and PS dose.

In addition to permeabilizing the vasculature to improve drug accumulation,
vascular-targeted PDT has also been used to cut off blood supply to the tumor [198-
201]. WST-09 (Tookad, palladium bacteriopheophorbide) and WST-11 (Tookad
soluble, Padeliporfin) are PS with limited extravasation from vasculature, enabling
spatially selective photodamage by confining PDT-mediated toxicity to the vascular
compartment. When activated by light, Tookad can cause vascular occlusion,
resulting in tumor necrosis [202-205]. Clinical trials have confirmed that PDT using
Tookad is a well-tolerated and effective approach for the treatment of prostate cancer
[206-208]. In one clinical trial, 28% of patients who received vascular-targeted PDT
experienced disease progression after 24 months, compared to 58% of patients who
underwent active surveillance [207]. An extended follow-up study analyzed the same
cohort and found that, at four years, patients who had received vascular PDT
experienced significantly lower disease progression rates and were less likely to
convert to radiotherapy (24% versus 53%) [208].

A primary, nononcologic, application of PDT for vascular occlusion is in the
treatment of age-related macular degeneration (AMD), the leading cause of blindness
in elderly adults in western countries [209,210]. The neovascular form of AMD (also

known as exudative or “wet”) leads to the formation of aberrant blood vessels from
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the choriocapillaris under the foveal avascular zone below the retina (subfoveal
choroidal neovascularization, CNV). These leaky blood vessels can cause loss of
vision through subretinal hemorrhage and detachment of the retinal pigment
epithelium [209]. Although thermal photocoagulation has been used as a primary
treatment method for destroying CNVs, this treatment method has drawbacks,
including retinal scar formation and immediate loss of visual acuity [210,211].
Preclinical and clinical studies demonstrated that CNV occlusion and improvements
in visual acuity were achieved by activating intravenously administered BPD with
nonthermal laser irradiation at short PS-light intervals (while the PS is in the
vasculature) [71,212-216] to cause thrombosis of vessels and selective damage to
endothelial cells [211]. Vascular-targeted PDT with a liposomal formulation of BPD,
Visudyne, is approved worldwide for the treatment of wet AMD and has been used in
millions of patients. PDT can therefore have multiple effects on the vasculature,
including permeabilization and occlusion, depending on treatment parameters. This
underscores the necessity for carefully optimizing vascular-targeted PDT treatment
regiments to achieve specific, desired effects.

While PDT has great potential in the clinic to induce cytotoxicity in cancer
cells, it has also emerged as a promising modality to improve the extravasation of
nano- and microscale agents at the tumor site. This has been achieved either through
targeting the vasculature directly, or through targeting the cells in the perivascular
space. Additionally, localization of PS in specific regions, such as vasculature or
perivascular cancer cells, can be achieved through the use of targeting moieties as

well as through the optimization of PS-light interval. While preclinical studies are
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promising, there is more work that must be done to bring this treatment strategy from
benchtop to bedside. For example, light delivery methods can be further engineered to
ensure that light is delivered uniformly to maximize access to target tissues.
Additionally, the parameters for PDT treatment must be further optimized to improve
drug delivery. For example, varying PS concentration and the amount of light
delivered to the vasculature could potentially change the size and number of
fenestrations created in the endothelial walls. Optimizing these parameters is critical
because nanomedicines vary in size. Similarly, the optimal time after PDT to
administer nano- and microscale therapeutics could differ based on particle size, so
more work should be done to characterize this thoroughly. Moreover, combinational
treatment regiments that pair carefully optimized EPR-enhancing PDT with nanoscale
therapeutics still need to be evaluated in clinical trials to determine if this strategy can
successfully overcome the heterogenous EPR that often limits nanomedicine efficacy.
Overall, due to the potential of PDT as an adjuvant to nanoscale cancer drugs, the
development of these technologies could have extremely widespread implications for

cancer therapeutics.

2.2.4.2 Targeting the hypoxic microenvironment

Another feature that can be exploited for PS targeting is the hypoxic TME.
Piao et al. [217] developed a PS that can only be activated under hypoxic conditions,
such as those in solid tumors. They conjugated an azo moiety to a seleno-rosamine
dye, blocking intersystem crossing and therefore blocking singlet oxygen generation.

Under low oxygenated conditions, the moiety is cleaved from the dye, allowing
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singlet oxygen generation upon light activation. The drug, therefore, has increased
specificity for the hypoxic TME, where it can be light-activated.

Additionally, PDT can induce hypoxia in tumor tissues through both reducing
vascular perfusion and consuming oxygen [55]. One study by Buschet
al. [218]investigated how two different fluence rates, 38 and 75 mW cm2
differentially impacted Photofrin-PDT-mediated oxygen depletion. They found that in
tumors treated with 75 mW cm ™2, there was significant hypoxia, even tissues in close
proximity to the blood supply (vascular-adjacent tissues). Alternatively, in tumors
treated with 38 mW cm ™2, there was an insignificant increase in hypoxia in vascular-
adjacent tissues. The oxygen consumption associated with PDT presents an issue for
repeated PDT treatments, where decreasing oxygen levels in the tissues might
diminish the efficacy of subsequent treatments. While this oxygen consumption can
exacerbate hypoxia-associated proliferation and metastasis, some groups have taken
advantage of this by developing treatments that incorporate both PSs and hypoxia-
activated prodrugs for a synergistic effect. For example, Feng et al. [219] developed a
liposome containing chlorin-6 in the hydrophobic bilayer and AQ4N in the core.
Chlorin-6 is a second-generation PS that is activated by 660 nm light, and AQ4N is a
hypoxia-activated prodrug. In hypoxic conditions, nontoxic AQ4N is reduced first to
AQ4M, then to AQ4, which intercalates DNA to inhibit topoisomerase II [220]. They
found that following irradiation of the liposome, chlorin-6 is activated, inducing
severe hypoxia. These hypoxic conditions catalyzed the activation of AQ4N, leading

to significantly decreased tumor volume in a mouse model.
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Similarly, Liuet al [221] used upconversion nanoparticles (UCNPs) to
encapsulate both a PS, silicon phthalocyanine dihydroxide (SPCD), and a
bioreductive prodrug, tirapazamine (TPZ). Tirapazamine generates cytotoxic free
radicals, which in aerobic conditions are oxidized back into the harmless parent
compound. However, under hypoxic conditions, TPZ becomes highly reactive and
causes strand breaks in DNA [222]. Liuet al [221] found that under normal
physiological oxygenation conditions, TPZ had little cytotoxicity, but following PDT-
induced hypoxia, TPZ toxicity increased significantly. These studies illustrate that
PSs can be functionally targeted to the hypoxic TME conditions, inducing specific
toxicity.

Moreover, there are many studies that show that the therapeutic effect of PDT
can improve when combined with methods for decreasing hypoxia [223,224]. Some
methods focus on increasing the oxygen concentration by using oxygen carriers such
as artificial red blood cells that contain PSs [225-227]. Mild heating also improves the
intertumoral blood flow in PDT. The process is called photothermal therapy (PTT) in
which the rapid increase in temperature above the threshold value of 42—45 degrees
Celsius can kill cancer cells [228]. Performing fractional PDT treatment can also
minimize the dependence on oxygen by allowing time for the replenishment of tissue

oxygen [229].

2.2.4.3 Targeting the acidic microenvironment

The low pH of tumors has also been exploited in the development of
functionally targeted PSs. For example, Luoer al [230] developed a self-

transformable pH-driven membrane anchoring photosensitizer (pHMAPS) for acidic
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selectivity. The pHMAPS incorporates pH low insertion peptide (pHLIP), which
adopts a random coil configuration in neutral physiological pH (~7.4), but changes
conformation in a more acidic pH to an a-helix structure. This conformational change
induces insertion into the cell membrane for selective delivery of the PS to cells in
acidic environments such as the TME [230,231]. In an in vivo biodistribution analysis,
pHMAPS localization was compared to a peptide without the ability to change
conformation, nonmembrane anchoring photosensitizer (NMAPS). They found a
significantly higher accumulation of the pHMAPS in the tumor compared to NMAPS,
demonstrating successful targeting of the acidic TME.

Another study that leveraged the unique properties if pHLIP was done by
Yu et al. [232], in which pH-responsive hollow gold nanoparticles loaded with PSs
were synthesized to target the acidic microenvironment. In this study, pHLIP was
conjugated to the nanoparticle surface for selective delivery to cells at low pH. Upon
light activation, the nanoparticles produce heat for photothermal therapy and release
the PS, chlorin-6. Following release, chlorin-6 interacts with oxygen in surrounding
tissues to generate reactive oxygen species (ROS) for PDT.

Han et al [233] engineered a chimeric peptide, PAPP-DMA, for targeted
uptake by cells in the acidic TME. The peptide contains PpIX conjugated to a nuclear
localization sequence (NLS) that has been modified with a negatively charged 2,3-
dimethylmaleic anhydride (DMA). DMA detaches in acidic pH, increasing the charge
of the peptide. This charge increase potentiates higher electrostatic interactions with
the negatively charged cell membrane, facilitating internalization of the drug.

Following cellular uptake, subcellular targeting of the nucleus is achieved through the
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NLS. This targeting strategy employs multiple layers of specificity to achieve cellular
uptake in acidic conditions, as well as subcellular specificity to translocate the PS to
the nucleus for light-activated DNA damage. Gao et al. [234] also leveraged a masked
targeting peptide to target the acidic TME. They decorated the surface of a PS-loaded
polymeric nanoparticle with TAT, a cell-penetrating peptide [235]. To create
specificity for low pH, the TAT peptide was modified with 2,3-dimethylmaleic
anhydride to mask the cell-penetrating activity. Acidic pH reactivates the peptide’s
targeting activity, facilitating nanoparticle internalization by cells in the TME.
Overall, these studies illustrate that biochemical interactions between the acidic TME
and drug delivery vehicles can be leveraged to enable improved drug delivery to
tumors.

2.2.4 Nanocarriers for Photosensitizer Targeting to Cancer and Stromal Cells

Nanotechnology-assisted PS delivery to tumors relies on the passive
accumulation of PS-nanoparticle conjugates due to the EPR effect. However, upon
accumulation at the tumor site, the PS can interact nonspecifically with cells in the
TME. To achieve higher specificity for target cells and avoid damage to nearby
healthy tissue, nanoparticle surfaces have been functionalized with various targeting
moieties for molecular recognition. These functionalized nanoparticles rely on the
high expression of molecular targets on the surface of target cells for specific delivery
(Figure 2.4). Targeting moieties used for this purpose include folic acid, peptides,
antibodies and carbohydrates [236-249] (Table 2.2), and can be either conjugated to a

nanoparticle or directly to a PS.
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Figure 2.4: Cancer cell-targeted and stromal cell-targeted nanocarriers.

Depiction of the interactions between targeted photoactivatable nanocarriers and (a)
cancer cells or (b) tumor-associated macrophages [240].
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Table 2.2: A summary of various types of targeting moieties and details regarding
their use.

Targeting Nanoparticle or |Target Target disease  |References
moiety molecule to which|receptor
the moiety is
conjugated

Folic acid Porphyrin-lipid | Folate Lung cancer, [243-245]
nanoparticles receptor Skin cancer,
(porphysomes), Colorectal
Hollow cancer
mesoporous
silica
nanoparticles,
poly(lactic-
co-glycolic
acid) (PLGA)

nanoparticles
Peptides and Gold T Colon cancer, [242,246,247]
Proteins nanoparticles, antigen, Breast cancer,
PLGA ovps, Melanoma,
nanoparticles EGFR Glioma
Antibodies Gold HER-2, Colon cancer, [236,242,248,249]
nanoparticles, EGFR Breast cancer,
Liposomes, Epidermoid
PLGA carcinoma,
nanoparticles Ovarian
cancer,
Glioblastoma
Carbohydrates | Chlorin, Mannose Gastric cancer, [238-241]
Nanomicelles, receptor, Colon cancer,
Gold Galectin- | Breast cancer,
nanoparticles, 1, CD44 Oral squamous
PLGA cell carcinoma
nanoparticles

Most PDT treatments that incorporate such targeting moieties are designed to

directly target cancer cells. Selectively killing cancer cells can attenuate growth-
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induced solid stress, which is generated through interactions between structural
components of the microenvironment [250] . By attenuating growth-induced solid
stress, cancer cell targeting can modulate the mechanical properties of the TME.
Additionally, the noncancerous cellular components of the stroma can contribute to
cancer progression and the mechanical stresses on the tumor. For example, CAFs and
TAMs play key roles in tumor evolution through increasing malignant potential and
chemoresistance [251]. The noncancerous cells in the tumor stroma are therefore
attractive targets for cancer therapies, and PS delivery vehicles have been designed

with targeting moieties against noncancerous stromal cells.

One method for cancer cell targeting is using carbohydrates as targeting
moieties. Carbohydrates have a high binding affinity to lectins, which are
endogenously overexpressed on the surface of cancer cells as well as noncancerous
stromal cells [252]. A recent study in 2018 by Garcia Calavia ef al. [239] demonstrated
that carbohydrates can serve dual functions as both targeting moieties and
nanoparticle stabilizers. The investigators synthesized gold nanoparticles conjugated
to zinc phthalocyanine, and the carbohydrate, lactose. Here, lactose conjugated to the
surface was effective as a targeting moiety for the galectin-1 receptor on breast cancer
cells and also helped to stabilize the nanoparticle in aqueous solutions. This is an
example of “direct lectin targeting,” where an exogenous carbohydrate is
incorporated into the drug delivery system to target endogenously expressed
carbohydrates. The binding affinity between carbohydrates and lectins can also be
leveraged by decorating the nanoparticle surface with lectins in order to target

carbohydrates overexpressed on the surface of cancer cells. This strategy is termed
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“reverse lectin targeting” [253]. The latter strategy was investigated in a study by
Obaid et al. [242] that compared using lectin for carbohydrate-targeted nanoparticles
with using antibodies for protein receptor-targeted nanoparticles. To study this, gold
nanoparticles were functionalized with either the lectin, jacalin or a monoclonal
antibody. Both constructs used zinc phthalocyanine (C11Pc) as the PS, and efficacy
of the constructs was evaluated in multiple cancer cell lines: HT-29 colon cancer cells
and SK-BR-3 breast cancer cells. Here, the jacalin was used to target the cell surface
molecule Thomsen—Friedenreich carbohydrate antigen (T antigen), and the
monoclonal antibody was specific to HER-2. Results from this study demonstrated
that PDT toxicity in vitro was comparable between both conjugates in both cancer
cell lines, illustrating that targeting carbohydrates with lectins and targeting
transmembrane proteins with antibodies can elicit similar toxicities when combined
with PDT. The authors suggest that this outcome may be explained by the different
binding affinities and cell surface receptor densities. While the dissociation constant
of jacalin binding to HT-29 cells is higher than that of anti-HER-2 antibodies binding
to SK-BR-3 cells, the HT-29 expression of T antigen is higher than the SK-BR-3
expression of HER-2 receptors. Thus, both binding affinity and target expression are

critical parameters for the design of targeted nanotherapeutics.

Another common targeting moiety that is used to decorate the surface of
nanoparticles is folate, which specifically targets folate receptors [243-245]. The folate
receptor is a GPI-anchored cell surface receptor that is overexpressed in many
cancers, making it an attractive receptor for targeted therapies [254]. The receptor is

responsible for mediating the intracellular transport of folate via receptor-mediated
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endocytosis. In a study by Kato et al. [243] folate receptor-targeted porphysomes were
synthesized and studied as a lung cancer treatmentin vitro andin vivo. In an
orthotopic lung tumor model, both the nontargeted porphysomes and folate-targeted
porphysomes (FPs) had higher accumulation in the tumor compared to the healthy
lung tissue, but FP administration led to higher intracellular PS accumulation. This
study illustrates that nanoparticles with and without targeting moieties are able to
accumulate preferentially at the tumor, but the targeting moieties are key for

improving uptake by target cells.

Similarly, peptides can also be conjugated to the nanoparticle surface to
achieve tumor-specific drug delivery. The use of peptides for targeting has several
potential benefits over antibodies, including lower risk of immune reactivity, smaller
size, high stability and simple synthesis [255,256]. In a study by Sebak et al. [246], the
peptide, cyclic (Arginine-Glycine-Aspartic acid-D-Tyrosine-Lysine) (cRGDyk), was
conjugated to PLGA nanoparticles. The cRGDyk peptide served dual functions in this
construct as both a targeting moiety and a quenching agent. Quenching agents like
this are attractive features for PDT because they attenuate singlet oxygen generation
outside of the tumor site, thereby improving specificity and limiting off-target
cytotoxicity [257]. In another study, Gao et al [258] investigated the effects of
avfe integrin-targeted PDT on host immune response. The authors demonstrated that
integrin-targeted PDT using IRDye700-streptavidin—biotin—-HK peptide (DSAB-HK)
could both inhibit tumor growth and stimulate the host antitumor response by
promoting dendrite maturation and T-lymphocyte recruitment. While PDT can be

used to target integrins for cancer cell destruction, PDT has also been shown to
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modulate integrin expression in cancer cells. One study showed a significant
reduction in the protein and mRNA expression of FAK and Bl1-integrin 12 h after
PDT [259]. Similarly, Runnels and colleagues have shown that BPD-mediated PDT at
a mild dose (0.5 J cm2) induces the loss of Bl integrin-containing focal adhesion
plaques [72]. Because BPD was shown to localize in the mitochondria with no marked
fluorescence at the membrane, and f1-containing integrins seemed to be structurally
intact after photosensitization, the authors suggest that the PDT-mediated loss of
integrin function occurred through intracellular damage rather than direct

photodamage.

While the vast majority of targeted PDT strategies have focused on targeting
cancer cells, there are a variety of stromal cells that contribute to cancer progression.
TAMs are known to promote cancer proliferation and metastasis through a variety of
mechanisms including inflammatory cytokine release, increased angiogenesis,
suppression of T-cell response and ECM remodeling [260,261]. Due to the role of
TAMs in ECM remodeling, strategies that target these tumor-promoting immune cells

could potentially impact the stiffness of the TME.

Previous work by Hayashi ef al. [240] has demonstrated that PDT can be used
to target TAMs. The authors synthesized mannose-conjugated chlorin (M-chlorin) to
target the overexpressed mannose receptors on TAMs (Figure 2.4). While these
constructs were initially designed for specific toxicity in TAMs and not cancer cells,
it was found that M-chlorin-PDT conferred cytotoxicity to tumor cells to a similar
degree in vitro as the cancer cell-targeted control, glucose-conjugated chlorin (G-

chlorin). This was attributed to the expression of mannose receptors on cancer cells.
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However, in vivo studies showed that M-chlorin PDT led to significantly more tumor
suppression than G-chlorin PDT, which was attributed to the affinity of M-chlorin for
CD-206 expressing TAMs in addition to cancer cells. These results suggest exciting
opportunities for future studies that target multiple cell types with a single targeting
moiety to achieve enhanced antitumor effect. Such constructs could potentially
achieve synergistic cytotoxicity by killing cancer cells as well as the nonmalignant
cells that contribute to tumor maintenance, thereby providing an inherent mechanism
for managing the cancer cells that survive initial treatment. Similarly, Wen and
colleagues used a natural noninfectious nanocarrier, cowpea mosaic virus (CPMV), to
target TAMs [262]. CPMV has been shown to have a preference for M2-polarized
macrophages. However, they also have affinity for vimentin, which is overexpressed
in certain epithelial cancers, including prostate cancer, gastrointestinal tumors, breast
cancer, and lung cancer [263]. According to the results of the study, the PS-CPMV
nanoconstruct (zinc ethynylphenyl porphyrin conjugated CPMV/ dendron hybrid)
was effective on both cancer cells and macrophages but did not favor the M2
subpopulation, despite previous work suggesting that CPMV has a preference for M2-

polarized macrophages [262].

2.2.5 Development and Applications of Photoimmunotherapy Technology

PIT is a form of targeted PDT that leverages the molecular targeting
capabilities of antibodies and the selective phototoxicity of PSs to achieve cell-
specific drug delivery. This is achieved through the synthesis of
photoimmunoconjugates (PICs), which are drug conjugates composed of antibodies

and PSs. Cell targeting is typically dependent on the presence of membrane proteins
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that are differentially expressed on diseased versus normal tissue [264]. Ideally, these
membrane proteins should have lower expression, or none at all, on healthy cells in
order to maximize specificity and minimize systemic toxicity. An antibody binding to
a target can trigger receptor-mediated endocytosis, followed by proteolytic cleavage
to degrade the conjugate and release the PS [265]. Subsequent light irradiation leads to
phototoxicity [264] (Figure 2.5). Some of the cell surface receptors that serve as
targets for PIT are also implicated in metastasis and proliferation. Depending on the
dose, binding of the PIC can also inhibit activation of these pathways. Therefore,
PICs can serve dual functions through receptor inhibition and selective delivery of the

PS for PDT [266].
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Figure 2.5: Photoimmunotherapy targeted to cancer cells and stromal cells.
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(a) Schematic of photoimmunoconjugate uptake by a cancer cell. The antibody binds
to the target cell and is internalized by receptor-mediated endocytosis. At certain
photosensitizer:antibody ratios, lysosomal degradation mechanisms can be leveraged
to dequench the photosensitizer, allowing for light activation. Following light
activation, reactive molecular species are generated to induce cytotoxicity in target
cells. (b) Cancer-associated fibroblast-targeted photoimmunotherapy and the
associated effects on the TME [267,268].

PIT was first described in 1983 in the lab of Julia Levy by Mew et al. [269]. It
was discovered that by conjugating the PS, hematoporphyrin, to monoclonal
antibodies specific for myosarcoma, it was possible to more significantly inhibit
cancer growth in vivo than treatment with either monotherapy alone, as well as
treatment with the unconjugated antibody and PS, where all groups were light-
activated. This study demonstrated for the first time that PICs can selectively enhance
photodestruction of tumors. This discovery led to the development of many PICs
incorporating a variety of antibody-PS combinations [270-274].

For example, in elegant work by Savellano and colleagues [275], the PIC
conjugation and purification processes were optimized to produce highly pure PICs
composed of the EGFR-specific antibody, C225, and the PS, BPD. Their optimization
overcame previous issues with PIC development, including large amounts of
impurities (unconjugated PSs), as well as the presence of insoluble aggregates. These
issues presented a significant problem for earlier studies, because the therapeutic
effects of the PICs cannot be clearly distinguished from the effects of the aggregates
and impurities [275]. In another study, Mitsunaga et al. [276] synthesized PICs
composed of EGFR-specific monoclonal antibodies (trastuzumab and panitumumab)
and the PS, IRDye 700DX (IR700). It was shown that cytotoxicity was only
conferred to EGFR-expressing target cells, demonstrating the selectivity of the

conjugate. The authors hypothesized that fluorescence generated from light-activation

38



of the PIC could be used for theranostic applications. Similarly, Spring and
colleagues used the Cet-BPD PIC developed by Savellano and colleagues to target
EGFR expressing ovarian cancer micrometastases. In this PIC, the BPD molecules
are self-quenched and not photoactivatable until they are internalized and
proteolytically cleaved in target cells, further enhancing PIT selectivity and limiting
off-target toxicity [277].

PIT has also been shown to trigger host antitumor immunity. A recent study
by Ogawa et al. [278] explored a mechanistic understanding of cell death following
PIT with mAb-IR700 PICs. The authors suggest that, unlike conventional PDT which
is dependent on the generation of reactive oxygen species, cytotoxicity induced from
PIT using near infrared light (NIR-PIT) is a result of membrane destabilization
followed by water influx and cell bursting. This also elicits the maturation of
immature dendritic cells, creating a concurrent immunological response to the tumor.
A follow-up study was conducted to explore the cause of membrane
destabilization [279]. It was shown that upon activation with NIR light, axial ligands
on IR700 dissociate, decreasing the hydrophilicity of the dye. The authors postulate a
conformational change in PIC—antigen complexes following PIT that confers stress to

the cell membrane, resulting in water influx and cell bursting.

While PIT has been primarily targeted to malignant cells, it can also be used
to target cancer-associated stromal components in the TME. For example, work by
Zhen et al. [267] demonstrates that CAFs can be targeted using PIT. CAFs are present
in the tumor stroma and support tumor growth and metastasis by remodeling the

ECM and secreting growth factors, cytokines and chemokines [280]. In this study,
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ferritin, which serves as a cage for the PS, ZnFi¢Pc, is coated with fibroblast
activation protein (FAP)-specific single-chain variable fragment (scFv) to target FAP,
a protein overexpressed on the surface of CAFs. One particular feature of CAFs that
the authors were interested in studying was CAF-mediated T-cell exclusion. By this
mechanism, CAFs are able to prevent T cells from reaching the tumor through either
the deposition of a dense ECM, or the production of CXCL12. It was found that
CAF-targeted PIT led to a significant increase in T-cell infiltration into the tumor,
demonstrating that PIT can be used to modulate the tumor stroma and potentiate an
immune response (Figure 2.5). Importantly, the ECM deposited by CAFs is also
known to provide a critical barrier to nanoparticle delivery to tumor cells [281].
Therefore, Li et al. [268] investigated the effect of CAF-targeted PIT on nanoparticle
delivery to 4T1 tumors. The authors found that by treating with CAF-targeted PIT
two days prior to nanoparticle injection, intratumoral nanoparticle accumulation was
improved in a particle size-dependent manner. While the effects of CAF-targeted PIT
on stromal properties have been investigated, more work is required to evaluate the
impact of these treatments on the mechanical properties of the TME, as well as the

inverse.

While PIT is a powerful tool for targeted PS delivery, PICs have several
limitations, including a relatively low PS-to-antibody ratio (typically 2—7 PSs per
Ab), poor intracellular PIC accumulation and limited target presentation on cells.
However, PIT can be interfaced with nanotechnology to overcome these limitations.
We have previously shown that multiple PICs can be conjugated to nanoparticles

(PIC-NP) for enhanced PIC uptake, as has been shown in ovarian cancer and
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glioblastoma cells [236]. PIC-NP increases the intracellular accumulation of PIC in
cancer cells by at least twofold compared to PIC alone, which was attributed by the
authors to the “carrier effect.” This phenomenon describes the indirect endocytosis of
multiple PICs that are conjugated to the nanoparticle surface. Therefore, one binding
event between an antibody and a target cell leads to the uptake of multiple antibodies,

each with multiple PSs.

2.3 Prostaglandin E2 Receptor 4 (EP4)

2.3.1 EP4 and Tumorigenic Signaling

EP4 is a G protein-coupled transmembrane protein that is linked to cyclic
adenosine monophosphate (cAMP) production, protein kinase A (PKA) signaling,
and phosphoinositide-3-kinase (PI3K) activation [282]. EP4 activation is closely
linked to the inflammatory enzyme cyclo-oxygenase-2 (COX-2). The pathway begins
with the conversion of plasma membrane phospholipids to arachidonic acid (AA) by
phospholipase A (PLA2). AA is converted to prostaglandin E2 (PGE2) by the
enzymatic activity of COX and PGE synthase enzymes [283]. PGE2 is then effluxed
out of the cell via multiple drug resistance-associated protein 4 (MRP4), where it
binds to prostaglandin E2 receptors (EP1-4) on the cell surface [284].

EP4 is expressed on various cell types including cancer cells, fibroblasts, and
immune cells. Activation of EP4 has been linked to the onset and progression of
multiple cancers including breast, colorectal, lung, prostate, ovarian, gallbladder, T
cell leukemia, and renal cancers [285]. One of the preeminent roles of EP4 involves
suppression of anti-tumor immunity through its expression on cells of the immune

system including leukocytes, mononuclear cells, macrophages, T cells, B cells, and
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dendritic cells, among others [285]. EP4 expression on cancer cells also drives
numerous cancer-associated processes including migration, proliferation, metastasis,

angiogenesis and lymphangiogenesis [286,287].

2.3.2 Clinical Applications of EP4 Inhibition

Clinical data support the development of EP4-based therapies. A phase I study
(NCTO01968070) evaluated an EP4 antagonist (LY3127760) at 20, 60, 200, and 300
mg, compared to celecoxib, an FDA-approved COX-2 inhibitor, in healthy patients
[288]. LY3127760 was well tolerated and there were no deaths or serious adverse
events. Gastrointestinal symptoms including abdominal pain, nausea, and indigestion
were most common adverse events. Ex vivo blood TNF-a release was used as a target
engagement marker for EP4 antagonism. These data demonstrated statistically
significant increases in TNF-a at all LY3127760 doses over 20 mg, while no notable
changes in TNF-a occurred in celecoxib treated patients. Results of this study support
further evaluation of LY3127760 for phase II trials.

Another study recently evaluated EP4 antagonism using the inhibitor, E7046,
in patients with advanced cancers (NCT02540291) [289]. Treatment with E7046 once
daily demonstrated manageable tolerability and no dose-limiting toxicities.
Importantly, serum levels of T-cell recruiting chemokines (CXCL10 and CCLS) were
significantly upregulated after 15 days of treatment compared to baseline levels.
Paired tumor biopsies taken before and after treatment revealed significant increases
in T cell localization in tumor tissues after treatment. Taken together, these data
suggest potent immunomodulatory effects of EP4 inhibitors for patients with

advanced malignancies. There are currently at least eight clinical trials
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(NCT05358691, NCT05205330, NCT04975958, NCTO03658772, NCT04344795,
NCT04432857, NCT05191667, NCT04432857) investigating EP4 inhibitors in
combination with immunotherapy (pembrolizumab, durvalumab, balstilimab,
Atezolizumab), PI3K inhibitor (buparlisib), or chemoradiotherapy. This thesis
provides the first evidence of successful combinational effects of EP4 inhibition and

PDT using multiple photosensitizer formulations (photosensitizer, PIC).

2.4 Poly(ADP-Ribose) Polymerase (PARP) Inhibitors

2.4.2 Poly(ADP) Ribose Polymerase (PARP)

There are 17 known members in the PARP superfamily of proteins, which
hold a diverse array biological roles in DNA repair, transcription, and chromatin
modulation, among many others [290]. They act through the modification of acceptor
amino acids on target proteins via covalent attachment of mono(ADP-ribose) and
poly(ADP-ribose) (PAR) chains [291,292]. This process is catalyzed by the hydrolysis
of nicotinamide adenine dinucleotide (NAD"), generating nicotinamide as a
byproduct. PARP-1 is most well-studied for its role in DNA single strand break
repair, specifically with regards to base excision repair [290,291]. Evidence also
suggests more extensive roles of PARP-1 in nucleotide excision repair, classical non-
homologous end-joining, alternative non-homologous end-joining, microhomology-
mediated end-joining, homologous recombination, DNA mismatch repair, and
replication fork stability maintenance [291].

PARP-1 is comprised of a DNA binding domain, an automodification domain,
and the catalytic domain [293,294]. The DNA binding domain is composed of zinc

fingers which recognize DNA damage and activate PARP in response to single strand
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breaks [291,293]. Following binding to DNA, PARP catalytic activity is initiated and
PAR chains are covalently attached to PARP itself, histones and non-histone proteins
[294] (Figure 2.6). Next, proteins that are involved in the DNA damage response bind
noncovalently to PAR chains, thereby recruiting them to the DNA strand break site
[294]. For example, X-ray repair cross-complementing protein 1 (XRCC1) associates
with PAR chains through its central BRCT domain (BRCT1) [295]. XRCCI is a
critical DNA damage repair protein that functions as a scaffold for association with

other DNA repair proteins, DNA polymerase (Polf) and a DNA ligase (Lig3a) [295].
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Figure 2.6: The role of PARP in base excision repair of single-strand breaks in
DNA.3
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PARP responds to single strand breaks by binding to the site of DNA damage. Auto-
PARylation and trans-PARylation enable recruitment of effector proteins to repair the
damaged segment of DNA.

2.4.3 Mechanism of PARP Inhibition

It was first discovered in 2005 that PARP inhibitors induce synthetic lethality
in cells that are deficient in homologous recombination, particularly with regards to
disfunction in BRCA-1 and BRCA-2 [296-298]. There are two proposed mechanisms
through which PARP-mediated synthetic lethality arises: catalytic inhibition and
PARP trapping. It was first proposed that PARP inhibitors prevent single strand break
repair through competing with NAD+ at the PARP catalytic site. This catalytic
competition leads to an accumulation of single strand breaks, which degenerate into
double strand breaks. These double strand breaks are lethal to cells without effective
homologous repair pathways, thereby explaining the synthetic lethality phenomenon.
This hypothesis is challenged by the findings of Gottipati et al., who showed that
PARP inhibition did not actually lead to an increase in DNA strand breaks [299].

According to the second hypothesis for PARP inhibitor-mediated cytotoxicity,
PARP inhibitors trap PARP at DNA to produce lethal PARP-DNA complexes. Murai
at el. [300] examined the association of PARP to DNA by quantifying nuclear-soluble
versus chromatin-bound PARPI in response to PARP inhibitors. They treated avian
DT40 cells with olaparib in combination with alkylating agent, MMS, and found
significantly enhanced levels of chromatin-bound PARP-1 with increasing
concentrations of olaparib. In a follow-up study, Murai et al. compared the PARP
trapping capabilities of three PARP inhibitors: olaparib, rucaparib, and BMN 673

(talazoparib) [301]. When investigating single agent toxicity in human cancer lines
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EWS and DU145, talazoparib was the most potent, with an ICop 5-10 times lower than
olaparib, where rucaparib did not reach an ICo. They next examined PARP trapping
efficiency by quantifying chromatin-bound PARP-1 and -2 following treatment with
each PARP inhibitor from 0.1-10 uM. Western blotting data revealed that talazoparib

was at least 100-times more potent as a PARP trapper than olaparib and rucaparib.

2.4.4 PARP Inhibitors in the Clinic

Currently, four PARP inhibitors are employed in the clinic in the United
States and Europe: olaparib, rucaparib, niraparib, and talazoparib. Olaparib became
the first clinically approved PARP inhibitor formulation in 2014, with approvals by
the European Medicines Agency (EMA) and US Food and Drug Administration
(FDA) [302]. EMA approval was granted for olaparib as a monotherapy maintenance
treatment of BRCA-mutated high grade epithelial ovarian, fallopian tube, or primary
peritoneal cancer patients who are in complete or partial response to platinum
chemotherapy. FDA approval was granted for monotherapy olaparib treatment of
BRCA-mutated advanced ovarian cancers that have been treated with at least 3 lines
of chemotherapy. Since 2014, FDA approvals for olaparib have been extended for

breast (2018), pancreatic (2019), and prostate cancers (2020).

Table 2.3: Summary of FDA and EMA approvals for PARP inhibitors.*

4 Table reprinted from Rose, M.; Burgess, J.T.; O’Byrne, K.; Richard, D.J.; Bolderson, E. PARP Inhibitors:
Clinical Relevance, Mechanisms of Action and Tumor Resistance. Frontiers in Cell and Developmental Biology
2020, 8, doi:10.3389/fcell.2020.564601. Open access (CC BY).
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PARP Approving Year of Indication Mutational requirement Relevant studies
inhibitor organization  approval
Olaparib FDAand EMA 2014 Advanced ovarian carcinoma Germline BRCA1/2 Mutation NCT0107662 (Kaufr
FDAand EMA 2017 Reoccurring ovarian, fallopian and primary  Independent of BRCA1/2 Mutational ~ SOLO-2 (f
peritoneal carcinoma Status and Study 19 (Fried
FDA 2018 HER-2 negative breast cancer BRCA1/2 Mutated OlympiAD (Robson et 17)
EMA 2019
FDA 2018 First-line treatment of advanced ovarian, Germline BRCA1/2 Mutation SOLO-1 (M
EMA 2019 fallopian and primary peritoneal carcinoma Complete or partial chemotherapy
response.
FDA 2019 Metastatic pancreatic cancer BRCA1/2 Mutated POLO (¢ t )
FDA 2020 First-line treatment of advanced ovarian, HRD-Positive PAOLA-1 (
fallopian and primary peritoneal carcinoma Complete or partial chemotherapy
in combination with Bevacizumab response.
FDA 2020 Metastatic castration-resistant prostate HRD-positive PROfound (de E
cancer
Rucaparb  FDA 2016 Advanced ovarian carcinomas, following BRCA1/2 Mutated ARIEL2 and Study 10 (
EMA 2018 multiple chemotherapy treatments 17)
FDA 2018 Reoccurring ovarian, fallopian and primary  Independent of BRCA1/2 Mutational ARIELS3 (¢ t 17)
EMA 2019 peritoneal carcinoma Status
FDA 2020 Metastatic castration-resistant prostate BRCA1/2 Mutated TRITON2 (AL et 19)
cancer
Niraparib FDA and EMA 2017 Reoccurring ovarian, fallopian and primary  Complete or partial chemotherapy ENGOT-OV16/NOVA Study (Mirza
peritoneal carcinoma response. 2016)
FDA 2019 Reoccurring ovarian, fallopian and primary  HRD-positive QUADRA Study (Moor
peritoneal carcinoma Independent of chemotherapy
response
FDA and EMA 2020 Advanced ovarian carcinomas and primary Independent of biomarker status PRIMA Study ( Mart
peritoneal carcinoma Complete or partial chemotherapy 2019)
response.
Talazoparib FDA and EMA 2018 Advanced or metastatic HER2-negative Germline BRCA1/2 Mutated EMBRACA Study (Ett! et

breast cancer

In 2016, rucaparib received accelerated approval by the FDA for the treatment
of BRCA-mutated advanced ovarian cancer patients that have been treated with two
or more lines of chemotherapy. In 2020, based on the TRITON2 trial, approval of
rucaparib was extended to BRCA-mutated, castration-resistant prostate cancer that has
been treated with an androgen receptor-directed therapy and a taxane [303]. Niraparib
was first approved by the FDA in 2017 for the maintenance treatment of recurrent
epithelial ovarian, fallopian tube, or primary peritoneal cancers that are in response
(complete or partial) to first-line platinum-based chemotherapy. Interestingly,
niraparib was the first PARP inhibitor to not require biomarker testing or BRCA
mutations.

FDA approval for niraparib was extended in 2019 for epithelial ovarian,
fallopian tube, or primary peritoneal cancers that have received at least three prior

lines of chemotherapy and have a homologous recombination deficiency. Approval
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for niraparib was later extended in 2020 as a maintenance treatment for all women
with epithelial ovarian, fallopian tube, or primary peritoneal cancers that are
platinum-responsive, regardless of biomarker status. The most recently approved
PARP inhibitor, talazoparib, was approved by the FDA in 2018 for BRCA-mutated,

HER2-negative locally advanced or metastatic breast cancer.
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Chapter 3: Sub-cytotoxic PDT (Photodynamic Priming, PDP)
Harmonizes with EP4 Inhibitors to Attenuate Metastatic

Phenotype in Ovarian Cancer Cells’

One of the major challenges in the treatment of advanced ovarian cancer is the
development of metastatic lesions throughout the peritoneal cavity and its associated
organs. This chapter reports the invention and development of a new combination of
low dose PDT (PDP) EP4 inhibition to address this challenge. Benchmarks for
success of this therapeutic strategy include inhibition of metastasis-associated
behaviors and metastasis-associated cell signaling. These benchmarks are tested using
immunoblotting, gap closure assay, and transwell invasion assay. Work in this
chapter provides new knowledge indicating that the combination of PDP and EP4

inhibitor could play a major role in blocking ovarian cancer metastasis.

3.1 Introduction

PDP is a powerful tool that leverages subtherapeutic photochemistry alone or
in combination with chemotherapy or radiation therapy for cancer treatment. Its
mechanism of action relies on the light activation of a photosensitizer molecule and
subsequent generation of ROS, resulting in biomolecule oxidation [304]. While the
direct cell death brought about in this manner is associated with photodynamic

therapy (PDT), PDP is achieved through sub-lethal effects [305]. These effects range

5> Contents of this section are adapted from Sorrin, A.J.; Liu, C.; Cicalo, J.; Reader, J.; Najafali, D.; Zhang, Y ;
Roque, D.M.; Huang, H.-C. Photodynamic Priming Improves the Anti-Migratory Activity of Prostaglandin E
Receptor 4 Antagonist in Cancer Cells In Vitro. Cancers 2021, 13, 5259.
https://doi.org/10.3390/cancers13215259. Open access (CC BY).
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widely from vascular modulation and chemo-sensitization to antitumor immune
activation and remain under active investigation. Snyder et al. first showed that low
dose photodynamic therapy could enhance macromolecule drug delivery through
vascular permeabilization [56]. Several in vivo studies of rodent lung tumors revealed
that low dose photodynamic therapy improved the distribution and delivery of
liposomal chemotherapies [306-308]. Work by Debefve et al. further explored
photochemical modulation of vasculature in the context of combination therapies
[309,310], and later revealed that leukocytes play a major role in the vascular
permeabilizing effects of photochemistry [311]. In addition to vascular modulation,
PDP has also been shown to decrease tumor interstitial fluid pressure [58], attenuate
chemotherapy selection pressure [49], overcome tumor desmoplasia by modulating
tumor collagen content and extracellular matrix [312], enable chemotherapy dose-
reduction [312,313], and enhance the cytotoxicity of radiation therapy [314]. A recent
study also found that PDP using a triple-receptor-targeted formulation promoted
antitumor immunity in pancreatic ductal adenocarcinoma spheroid cocultures with
pancreatic CAFs and human peripheral blood mononuclear cells [315]. PDP
upregulated the expression of antitumor immunogenic signals (Hsp60, Hsp70, CRT,
and HMGBI1) and induced activation of CD4+ and CD8+ T cells.

PDP-based combination regimens are currently under rapid development
[49,312-316], and this chapter combines PDP with the inhibition of an emerging
therapeutic target, EP4. As discussed in Chapter 2, EP4 is a G protein-coupled
receptor that contributes to cancer progression and metastasis by promoting cancer

cell invasion and migration, inducing tumor-associated angiogenesis, and attenuating
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the anti-cancer immune response [285,286,317]. EP4 is implicated in the onset and
progression of numerous cancers including ovarian, lung, breast, uterine, colorectal,
cervical, and prostate, among others [285,318,319]. A study by Spinella et al. showed
that EP4 activation stimulates vascular endothelial growth factor (VEGF) production,
cell migration, and matrix metalloproteinase activity in HEY human ovarian cancer
cells [320]. Tonisen and colleagues also demonstrated that activation of EP4 was
linked to invasive capabilities, invadopodia maturation, and matrix degradation in
MDA-MB-231 breast cancer cells [317].

At the molecular level, EP4 has also been shown to intracellularly
transactivate the epithelial growth factor receptor (EGFR) through the recruitment of
B-arrestin (B-arr) and subsequent activation of membrane-bound Src in cancer cells
[317,321]. EGFR signaling is linked to proliferation, migration, invasion, angiogenesis,
and resistance to apoptosis in cancer cells [322,323]. Signaling pathways downstream
of EP4 and EGFR are also overlapping; therefore, inhibiting EGFR alone may be
insufficient. For example, preclinical work has shown that the simultaneous blockade
of EGFR and EP4 outperforms the inhibition of EGFR alone in attenuating the
tumorigenic cervical cancer cell signaling of mitogen-activated protein kinase
(MAPK), CREB, protein kinase B (also called AKT), and glycogen synthase kinase
(GSK) [324]. A recent study analyzed EP4 expression in ovarian tumor samples and
found that EP4 was expressed in nearly 40% of the samples [325]. They also identified
EP4 overexpression in several human ovarian cancer cell lines including OVCAR-3,

CAOV3, SKOV3, and Kuramochi cells. EGFR is also overexpressed in 30-98% of
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epithelial ovarian malignancies [322]. This study develops a combination treatment of
EGFR-targeted PDP and EP4 inhibition for ovarian cancer.

In this chapter, EGFR-targeted PDP is achieved by light activation of an
antibody—photosensitizer conjugate using FDA-approved Cet and photosensitizer,
BPD. The Cet-BPD conjugates used in this study are “cancer-activatable”, meaning
that BPD molecules are quenched (inactivated) when conjugated to Cet, and can be
un-quenched (activated) by cancer cells upon EGFR-mediated endocytosis and
lysosomal proteolysis [275,277,326]. Preclinical studies showed that light activation of
Cet-BPD is most effective when combined with chemotherapy for enhanced ovarian
tumor burden reduction in vivo [277] and in vitro [327]. In 2020, a Cet-IRDye700
conjugate (also known as Cet saratolacan sodium, RM-1929, or ASP-1929) was
approved for photoimmunotherapy of head and neck cancer in Japan [276,328,329]. The
Cet-photosensitizer conjugate is an emerging therapeutic armamentarium against
cancer, and its photodynamic efficacy may be further improved when combined with
other treatment modalities.

As discussed in chapter 2, despite aggressive standard treatments consisting of
platinum-taxane chemotherapy and cytoreductive surgery, roughly 80 percent of
ovarian cancer patients will still develop recurrent disease [330]. Patients with
resistant disease have a paucity of therapeutic options, and the need for novel
treatment approaches is clear [331]. In this chapter, we evaluated the combination
treatment of EGFR-targeted PDP and EP4 inhibition in the context of ovarian cancer
migration, invasion, and metastasis-related cell signaling pathways linked to EP4 and

EGFR. Gap closure and transwell invasion assays were used to characterize the anti-
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metastatic effects of BPD-based PDP, Cet-BPD-based PDP, and EP4 inhibition, alone
and in combination, in two high-grade serous ovarian adenocarcinoma lines
(OVCAR-5, CAOV3). Immunoblotting and enzyme-linked immunosorbent assays
(ELISAs) are also conducted to further characterize molecular alterations induced by
the treatments. This chapter provides new evidence that EGFR-targeted PDP coupled
with EP4 inhibition attenuates cancer-promoting cell signaling and behaviors linked

to metastasis in ovarian cancer cells.

3.2 Materials and Methods

3.2.1 Cell Culture

The high-grade serous ovarian adenocarcinoma cell lines, OVCAR-5 and
CAOV3, were used in this chapter. OVCAR-5 cells were purchased from ATCC
(Manasses, VA, USA) and the CAOV3 cell line was obtained from Dr. Giuliano
Scarcelli (University of Maryland, College Park) who purchased the cells from ATCC
(Manasses, VA, USA). Both cell lines were cultured in a 37 °C, 5% CO. incubator.
Cell lines were propagated for less than 40 passages, and cells were confirmed to be
mycoplasma-free using the MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza,
Basel, Switzerland). RPMI-1640 medium with L-glutamine (Corning, Corning, MA,
USA) containing 10% fetal bovine serum (FBS) (Gibco, Gaithersburg, MD), 100
U/mL penicillin, and 100 pg/mL streptomycin (Corning, Corning, MA, USA) were
used to maintain OVCAR-5 cells. DMEM medium (Corning, Corning, MA, USA)
supplemented with 10% FBS (Gibco, Gaithersburg, MD, USA) was used to maintain

CAOV3 cells.
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3.2.2 Gap Closure and Metabolic Activity Studies

For gap closure assays, OVCAR-5 cells were plated at 40,000 cells per well in
96-well plates, then treated with 2% serum-containing media containing DMSO
(vehicle, < 0.5 %), BPD, Cet-BPD, AH23848, or a combination. After 24 hours, cells
were irradiated with a 690-nanometer laser (0.1 J/cm?, 10 mW/cm?, Modulight, Inc.,
Tampere, Finland). Irradiance was measured at the illuminated surface for each
experiment, and black-walled wells were used for all studies to minimize reflected
light. Monolayer cultures were scratched using an AutoScratch™ Wound Making
Tool (Biotek, Winooski, VT, USA), and 5% serum-containing media was added to
each well. AH23848 was re-added to the wells that had received prior AH23848
treatment. Imaging was performed with a Lionheart™ FX Automated Microscope
(Biotek, Winooski, VT, USA), and image analysis was accomplished using Gen5
software (Biotek, Winooski, VT, USA). Gap closure percentage was calculated using
the following equation: (initial gap area-final gap area)/initial gap area. Cellular
metabolic activity studies, cell plating, and treatments were conducted the same as
described in the gap closure protocol. An MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay (Invitrogen, Waltham, MA, USA) was performed
following the vendor’s protocol to assess relative metabolic activity for viability
studies. For gap closure and metabolic activity studies, all experimental conditions

were performed at least three times in triplicate.

3.2.3 Lysate Collection and Western Blotting

OVCAR-5 cells (1.1 x 10%) were plated in 35-millimeter cell culture dishes

and treated with DMSO (vehicle), BPD, Cet-BPD, AH23848, or a combination in
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serum-free medium. After 24 h, dishes were irradiated with a 690-nanometer laser
(0.1 J/em?, 10 mW/cm?, Modulight, Inc., Tampere, Finland). After another 24 hours,
dishes were primed with 1 uM PGE> and 50 ng/mL epithelial growth factor (EGF)
(R&D, Minneapolis, MN, USA) in serum-free media for 10 min, then lysates were
collected in RIPA buffer supplemented with 1% protease and phosphatase inhibitor
cocktails (Thermo Fisher, Waltham, MA, USA). For CAOV3 lysate collections, 5 x
10° cells were plated and PGE: and epidermal growth factor (EGF) were not added.
Western blotting was performed as previously described [332]. Proteins were detected
using antibodies against EGFR (1:1000, Cell Signaling #4267), Phospho-EGFR
(1:500, R&D MABS89671), ERKI1 (1:1000, R&D AF1879), ERK2 (1:500, R&D
MAB1230), and Phospho-Erk1/Erk2 (1:2000, R&D AF1018), CREB (1:1000, Cell
Signaling #9104), Phospho-CREB (1:1000, Cell Signaling #9198), COX-2 (1:1000,
Cell Signaling #12282), EP4 (1:500, Cayman #101775), MRP4 (1:500, Invitrogen
#MA1-35681), and glyceraldehyde-3-phosphate dehydrogenase GAPDH (1:1000,
Cell Signaling #2118). Membranes were imaged using the FluorChem E system
(ProteinSimple, San Jose, CA, USA). For Western blotting, all experimental
conditions were evaluated a minimum of four times. Signaling intensity of each

protein marker was analyzed against GAPDH using ImagelJ.

3.2.4 Photoimmunoconjugate Synthesis and Drugs

Photoimmunoconjugates Cet-BPD were synthesized at a ratio of ~4:1
(BPD:Cet) by carbodiimide crosslinking of Cet to BPD, as described previously [327].
Total protein was quantified using a BCA assay and the BPD concentration was

characterized using UV-Vis  spectroscopy for  photoimmunoconjugate

55



characterization. AH23848 and PGE; were obtained from Cayman Chemical (Ann

Arbor, M1, USA). EGF was obtained from R&D Systems (Minneapolis, MN, USA).

3.2.5 Extraction Methods to Quantify Photosensitizer Uptake in Cells

OVCAR-5 cells were plated in 35-millimeter dishes at 1.1 x 10° cells per dish,
then treated with BPD or Cet-BPD. After 24 h, cells were lysed in RIPA buffer
supplemented with 1% protease and phosphatase inhibitor cocktails (Thermo Fisher,
Waltham, MA, USA) and then BPD fluorescence signal was measured using a plate
reader (Synergy Neo2; Biotek, Winooski, VT, USA; Ex/Em: 435 nm/700 nm).
Intracellular BPD concentrations were quantified by correlating fluorescence to a
standard curve, then normalized to total protein level (grams) as determined using a
BCA assay. All experimental conditions were performed at least three times in

duplicate.

3.2.6 Transwell Invasion Assay and PGE> ELISA

CAOV3 cells were plated in 35-millimeter dishes at 150,000 cells per dish
(for invasion assay) or 500,000 cells per dish (for PGE> ELISA). Cells were treated
with vehicle (DMSO), BPD, Cet-BPD, AH23848, or a combination regimen in
serum-free media for 24 h, then irradiated at 690 nm (0.1 J/cm?, 10 mW/cm?,
Modulight, Inc., Tampere, Finland). For invasion assays, dishes were trypsinized and
plated at 25,000 cells per well in the CultreCoat® 96-Well Medium BME Cell
Invasion Assay (R&D, Minneapolis, MN, USA). The remainder of the assay was
conducted as per the manufacturer’s instructions. For the PGE, ELISA, cell culture

supernatants were collected 1 and 4 h after light-activation, then supernatants were

56



assayed for PGE; using the Prostaglandin E> ELISA Kit (514010, Cayman Chemical,
Ann Arbor, MI, USA). For transwell assays and ELISAs, all conditions were

performed a minimum of three times in triplicate.

3.2.7 Statistical Analysis

Statistical analysis was conducted using GraphPad PRISM version 9.0.2 for
MacOS, and ImageJ was used to quantify immunoblotting bands. Data for gap
closure, transwell invasion, Western blotting, ELISA, and MTT studies were
analyzed using one-way ANOVA followed by a post hoc Tukey’s test. F-tests were
used to quantify changes in variance between groups. A value of p < 0.05 was

considered statistically significant.

3.3 Results

3.3.1 Combination of BPD-Based PDP and EP4 Inhibitor (AH23848) Decreases

Ovarian Cancer Cell Migration and Invasion

To assess the effects of combination therapy with BPD-based PDP and
AH23848 on human ovarian cancer cell migration, we performed the gap closure and
transwell cell invasion assays using OVCAR-5 and CAOV3 cell lines (Figure 3.1).
The concentrations of BPD and AH23848 were fixed at 0.5 and 40 uM, respectively,
to maintain sublethal dosing (< 15% reduction in metabolic activity) upon light
aviation (Figure 3.2). The OVCAR-5 cells incubated with BPD without light
activation showed no significant change in gap closure compared to the vehicle
control (Figure 3.1A). When the OVCAR-5 cells were exposed to AH23848 with or

without BPD, the cells migrated ~18% slower than that of the vehicle control (p <
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0.05), demonstrating sensitivity to EP4 inhibition. PDP using light-activated BPD
decreased gap closure by ~33% (p < 0.0001). When the OVCAR-5 cells were treated
with both BPD-based PDP and AH23848, there was a ~65% reduction in gap closure,
which is significantly lower than that of the vehicle control and monotherapies (p <
0.001). A stronger combination effect was observed in the CAOV3 cells using the
transwell cell invasion assay (Figure 3.1B). Treatments with AH23848, BPD, their
combination, or BPD-based PDP did not significantly alter CAOV3 migration
compared to the vehicle control (p > 0.05). In contrast, the combination of BPD-based
PDP and AH23848 greatly reduced the invasion of the CAOV3 cells by ~92%, and
this was significantly lower than all the control groups (p < 0.0001). Our data show
that the combination of AH23848 and BPD-based PDT at sub-cytotoxic doses reduce

the migration and invasion of two ovarian cancer cell lines in vitro.
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Figure 3.1: Anti-migratory effects of BPD-based PDP, EP4 inhibitor (AH23848),
and their combination.
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Agents were evaluated in (A) a gap closure assay using OVCAR-5 cells and (B) a
transwell invasion assays using CAOV3 cells. All data are normalized to the vehicle
(DMSO) control, and statistical analysis was performed using a one-way ANOVA
and post hoc Tukey’s test. Error bars represent the standard error of the mean. * p <
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: nonsignificant. Each bar is
representative of at least 9 individual 96-well plate wells.
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Figure 3.2: Quantification of cellular metabolic activity.

OVCAR-5 cells were treated for 24 hours with the indicated agents (AH23848 dose
was fixed at 40 uM), then the light activated groups received 690 nm light (0.1 J/cm?,
10 mW/cm?). Metabolic activity was quantified 24 hours later using the MTT assay.
Data is normalized to the vehicle (DMSO) control, then statistical analysis was
performed using a one-way ANOVA and post hoc Tukey’s test. Error bars represent
the standard error of the mean. ****p<(0.0001; ns: nonsignificant. Each bar is
representative of 16 individual 96-well plate wells.

3.3.2 BPD-Based PDP Combined with EP4 Inhibition Does Not Attenuate Cell

Signaling Pathways Linked to EP4 and EGFR

Considering the tumorigenic role of EP4 signaling and EP4-EGFR crosstalk,
we investigated the expression of pPCREB, CREB, pEGFR, EGFR, p-ERK1/2, ERK1,

ERK2, EP4, and MRP4 in OVCAR-5 cancer cells following the combination

59



treatment of BPD-based PDP and AH23848 (Figure 3.3A). Briefly, OVCAR-5 cells
were treated with AH23848, BPD, or their combination for 24 h followed by light
activation (hv, 0.1 J/em?, 10 mW/cm?). Cells lysates were then collected at 24 h after
treatment and used for Western blot analyses. Dark controls were included for
comparison. Cells treated with BPD, with and without light and AH23848, showed an
average of a two-fold increase in CREB expression. However, further analysis
suggested that changes in pCREB expression was not statistically significant (Figure
3.3B). The only statistically significant change observed was an increase in CREB
expression following BPD-based PDP (p < 0.05, Figure 3.3C). The expression of p-
EGFR, EGFR, p-ERK1/2, ERK1, ERK2, EP4, and MRP4 in OVCAR-5 cells did not
change significantly following any treatment compared to the vehicle control (Figure
3.3 D-K). Our data suggested that the combination of BPD-based PDP and AH23848
has minimal impact on the EGFR and EP4 signaling pathways. These findings
motivated us to further investigate PDP using EGFR-targeted Cet-BPD in
combination with AH23848 in subsequent studies to achieve the co-inhibition of

EGFR and EP4.
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Figure 3.3: Western blot analysis of p-CREB, CREB, p-EGFR, EGFR, p-ERK1/2,

ERK1, ERK2, EP4, and MRP4 in OVCAR-5 cells.

Cells were treated with the indicated agents for 24 h, then light-activated (0.1 J/cm?,
10 mW/cm?) or maintained in dark conditions. After 24 h, cells were agonized with
EGF (50 ng/mL) and PGE2 (1 uM) for 10 min, then whole extracts were collected
and analyzed using Western blot. (A) Representative Western blot images and (B—K)
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relative densitometric bar graphs of phosphorylated and total proteins were shown.
Results are normalized to the vehicle control group. Statistical analysis was
performed using a one-way ANOVA and post hoc Tukey’s test. Percentages below
each band represent the average change in intensity relative to the vehicle control
across all experiments. For pERK1 and pERK2 bands, the first number corresponds
to pERK1, and the second number corresponds to pERK2. Error bars represent the
standard error of the mean. * p < 0.05; ns: nonsignificant. Each bar is representative
of at least 4 individual western blots.

3.3.3 Cet-BPD-PDP and BPD-PDP Have Similar Effects on Gap Closure When

Compared at Equivalent Intracellular Photosensitizer Concentrations

The uptake of Cet-BPD and effects on metastasis-related phenotype were
assessed in the OVCAR-5 cells (Figure 3.4). Extraction studies showed that the
intracellular accumulation of Cet-BPD was ~2.5-fold lower than that of free BPD
(Figure 3.4A, p < 0.001). At a fixed photosensitizer incubation concentration of 1
uM, a 24-hour incubation of free BPD resulted in an intracellular photosensitizer
concentration of ~0.5 pumoles of BPD per grams (g) of protein, compared to ~0.2
umoles of BPD per grams (g) of protein for the OVCAR-5 cells treated with Cet-
BPD. When the photosensitizer incubation concentration was fixed at 0.5 pM, the
uptake concentrations for free BPD and Cet-BPD were ~0.2 and ~0.1 pmol BPD/g
protein, respectively. Interestingly, treatment with 1 uM Cet-BPD and 0.5 uM BPD
led to statistically equivalent amounts of photosensitizer uptake. As a result, these
doses were further compared in gap closure assays (Figure 3.4B,C). PDP with light
(hv) activation of 1 and 0.5 uM BPD reduced the gap closure by ~75 and ~35%,
respectively, compared to the vehicle control (p < 0.0001). Similarly, light (hv)
activation of 1 pM Cet-BPD reduced the gap closure by ~24% (p < 0.0001) compared

to the control. Further analysis showed that there is no statistically significant
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difference between the anti-migratory effects of PDP using 0.5 uM BPD or 1 uM Cet-
BPD (e.g., photosensitizer doses that result in equivalent intracellular concentrations).
The 1 uM Cet-BPD treatment was, therefore, selected for use in subsequent studies to

evaluate combination effects with EP4 inhibition.
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Figure 3.4: Conjugation of BPD to Cet impacts uptake and gap closure.

OVCAR-5 cells were plated in 96-well plates, treated with the indicated BPD or Cet-
BPD doses for 24 h, then (A) agents were extracted from cells to quantify cellular
photosensitizer uptake, or (B) cells were light-activated at 690 nm and scratched for
gap-closure analysis. Representative gap closure images are included (C). Statistical
analysis was performed using a one-way ANOVA and post hoc Tukey’s test. Error
bars represent the standard error of the mean. ** p < 0.01; *** p < 0.001; **** p <
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0.0001; ns: nonsignificant. Each bar is representative of at least 6 35-mm dishes (A)
or 96-well plate wells (B).

3.3.4 Cet-BPD-Based PDP Combined with EP4 Inhibition Attenuates Migration,

Invasion, and Cell Signaling Linked to EP4 and EGFR.

In Figure 3.1, we showed that BPD-based PDP enhances the anti-migratory
activity of EP4 inhibitors in ovarian cancer cells (Figure 3.1). We next investigated if
Cet-BPD-based PDP combined with AH23848 also inhibited migration as measured
using a gap closure assay or invasion as measured using a transwell assay (Figure
3.5). Cet-BPD alone at 1 uM did not induce significant alterations in gap closure (p >
0.05) in the OVCAR-5 cells; however, Cet-BPD-based PDP induced a 20% reduction
in migration relative to the control (Figure 3.5A). EP4 inhibition using 40 pM
AH23848 with and without Cet-BPD (1 uM) reduced gap closure by approximately
15% compared to the control OVCAR-5 cells. A combination of Cet-BPD-based PDP
and AH23848 (40 uM) significantly reduced the OVCAR-5 gap closure by up to 50%
of all the control groups (p < 0.0001). Similar effects were observed when combining
Cet-BPD-based PDP with a lower concentration of AH23848 at 20 uM (Figure 3.6).
These data show that Cet-BPD-based PDP combined with AH23848 significantly
inhibited ovarian cancer cell migration compared to both Cet-BPD-based PDP or
AH23848 alone, demonstrating the superior potency of this combination regimen.
Next, transwell invasion assays were conducted using the same treatment groups to
characterize effects on CAOV3 invasion (Figure 3.5B). Treatment with AH23848
alone, Cet-BPD alone, a combination of Cet-BPD with an EP4 inhibitor, Cet-BPD-

based PDP (Cet-BPD + hv), all resulted in a modest (4-30%) (but statistically
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insignificant) reduction in invasion. Only when the CAOV3 cells were treated with
the combination of Cet-BPD-based PDP and AH23848 was a significantly reduction
in the CAOV3 cell invasion (p < 0.0001) by 76% observed, demonstrating a potent
combination effect in the context of cell invasion.

Cell signaling pathways associated with the activation of EGFR and EP4 were
next evaluated using immunoblotting of the OVCAR-5 cells following treatment with
Cet-BPD-based PDP and AH23848, alone and in combination (Figure 3.7).
Representative images are displayed in Figure 3.7A. Cet-BPD combined with
AH23848 attenuated pCREB signaling to 60% of the control and adding light further
reduced pCREB activation to 35% (p < 0.05). All the groups with Cet-BPD,
regardless of the inclusion of AH23848, showed significant reductions in EGFR
phosphorylation (p < 0.01). In pERK1 and pERK?2 signaling, the combination of Cet-
BPD and AH23848 reduced signaling drastically by over 80% (p < 0.05). Cet-BPD-
based PDP combined with AH23848 further reduced pERK1/2 by 90% (p < 0.01).
None of the changes to total protein in CREB, EGFR, ERK1, ERK2, EP4, or MRP4
reached statistical significance. The molecular effects of co-inhibition of EP4 and

EGFR using AH23848 and Cet-BPD are summarized in Figure 3.8.
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Figure 3.5: Investigation of anti-metastatic effects of Cet-BPD-based PDP combined
with EP4 inhibition (AH23848).

Treatments are evaluated in gap closure assays using OVCAR-5 cells (A) and
transwell invasion assays using CAOV3 cells (B). All data are normalized to the
vehicle (DMSO) control, and statistical analysis was performed using a one-way
ANOVA and post hoc Tukey’s test. Error bars represent the standard error of the
mean. ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns: nonsignificant. Each bar is
representative of at least 12 individual 96-well plate wells.
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Figure 3.6: Gap closure analysis at 20 uM and 40 uM AH23848.

OVCAR-5 cells were treated with the indicated agents for 24 hours, then light-
activated at 690 nm (0.1 J/cm?, 10 mW/cm?). Following irradiation, cells were
scratched for gap closure analysis and normalized to the vehicle (DMSQO) control.
Statistical analysis was performed using a one-way ANOVA and post hoc Tukey’s
test. Error bars represent the standard error of the mean. *p<0.05; **p<0.01;
***%p<0.0001; ns: nonsignificant. Each bar is representative of at least 11 individual
96-well plate wells.
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Figure 3.7: Western blot analysis of p-CREB, CREB, p-EGFR, EGFR, p-ERK1/2,
ERK1, ERK2, EP4, and MRP4 in OVCAR-5 cells.

Cells were treated with the indicated agents for 24 h, then light-activated (0.1 J/cm?,
10 mW/cm?) or maintained in dark conditions. After 24 h, cells were agonized with
EGF (50 ng/mL) and PGE: (1 uM) for 10 min, then whole extracts were collected
and analyzed using Western blot. (A) Representative Western blot images and (B—K)
relative densitometric bar graphs of phosphorylated and total proteins were shown.
Results are normalized to the vehicle control group. Statistical analysis was
performed using a one-way ANOVA and post hoc Tukey’s test. Percentages below
each band represent the average change in intensity relative to the vehicle control
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across all experiments. For pERK1 and pERK2 bands, the first number corresponds
to pERK1, and the second number corresponds to pERK2. Error bars represent the
standard error of the mean. * p < 0.05; ** p < 0.01; ns: nonsignificant. Each bar is
representative of at least 5 individual western blots.
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Figure 3.8: Proposed relationship between the combination treatment (Cet-BPD-
based PDP and AH23848) and EGFR-EP4 signal transduction pathways.

Arachidonic acid is converted to PGE> by COX-1, COX-2, and PGE synthase [333].
PGE: is exported from the cell via multiple drug resistance-associated protein 4
(MRP4), where it can bind to the G-protein coupled receptors, EP1-4 [334]. EP4 is
coupled to the G protein alpha stimulator (Gg), which activates adenylyl cyclase.

Adenylyl cyclase converts ATP to cyclic adenosine monophosphate (cAMP), which
subsequently activates Protein Kinase A (PKA). When PKA is activated, its catalytic
subunits translocate into the nucleus and activate CREB, a transcription factor with
complex roles in cancer [335]. EGFR can be activated extracellularly via EGF binding
and intracellularly via the EP4/B-arr/Src complex [317]. Activated EGFR causes a
variety of downstream effects including ERK phosphorylation, which is linked to
CREB activation. EP4 has also been shown to induce ERK activation independently
of EGFR [336]. The Cet-BPD and EP4 inhibitor combination regimen is designed to
simultaneously abrogate EGFR and EP4 signaling to block tumorigenic crosstalk
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along with overlapping signaling pathways. Abbreviations: AA (arachidonic acid);
COX2 (cyclooxygenase-2); PGE2 (prostaglandin E2); MRP4 (multidrug resistance-
associated protein 4); EP4 (prostaglandin E2 receptor 4); ATP (adenosine
triphosphate); cAMP (cyclic adenosine monophosphate); PKA (protein kinase A);
CREB (cyclic AMP response element-binding protein); ERK1/2 (extracellular signal-
regulated kinases 1/2); p-arr (p-Arrestin); EGFR (epidermal growth factor receptor),;
EGF (epidermal growth factor); BPD (benzoporphyrin derivative),; Cet (Cet).

3.4 Discussion

In this chapter, we show that PDP significantly attenuates gap closure in
OVCAR-5 cells. This is consistent with previous work by Jiang et al., who showed,
using an invasion assay, that Photofrin®-based subcytotoxic photochemistry inhibited
glioblastoma transit through a Matrigel membrane [337]. Yang et al. demonstrated that
sub-lethal photodynamic therapy (10-20% cell killing) using 5-Aminolevulinic acid
(5-ALA) induced significant decreases in the migration and invasion of multiple head
and neck cancer cell lines [338]. In our study, PDP was evaluated using two platforms:
freeform BPD, as well as the EGFR-targeted Cet-BPD conjugate. The porphyrin-
based BPD was selected due to its FDA approval status and because most earlier PDP
studies use BPD or other porphyrin-based photosensitizers. However, Overchuk et al.
recently used a bacteriochlorin-based photosensitizer to achieve PDP [312]. More
work is warranted to characterize differences in priming effects between
photosensitizers, or if a combinational approach of multiple photosensitizers may be
beneficial. Figure 3.4 revealed that approximately two times more BPD is
internalized compared to Cet-BPD. However, when compared at equal intracellular
concentrations, BPD and Cet-BPD had similar effects on gap closure. Cet-
photosensitizer conjugates are rapidly gaining traction in the clinical sphere. In

September 2020, Japan approved a Cet-IR700 construct, Akalux®, for the treatment
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of unresectable locally advanced or recurrent head and neck cancer. A Cet-IR700
construct (ASP-1929) is also under evaluation in multiple clinical trials.

We further demonstrated, for the first time, that incorporating EP4 inhibition
into a PDP treatment led to additional reductions in migration along with a drastic
attenuation of cell invasion (Figures 3.1 and 3.5). To inhibit EP4, we used AH23848,
which was first reported by Coleman et al. to antagonize EP4 in 1994 [339]. While
AH23848 is commonly used in vitro, numerous EP4 antagonists have been developed
with higher selectivity (CJ-023,423 (grapiprant), L-161982, ONO AE3-208, etc.)
[321]. In this study, AH23848 was used as a model drug to validate the combination
effect of EP4 inhibition with EGFR-targeted PDP. In addition to lowering migration
and invasion, AH23848 combined with PDP also demonstrated a substantial increase
in treatment consistency compared to PDP alone. To quantify this, F-tests were
performed to compare the variances of BPD-based PDP and Cet-BPD-based PDP
with and without AH23848. The analyses revealed statistically significant decreases
in variance (alpha = 0.05) when AH23848 was added to both BPD-based PDP and
Cet-BPD-based PDP in both migration studies and invasion studies (Figures 3.1 and
3.5). The potent combination effects demonstrated here motivate future work using
newer EP4 antagonists that are currently in clinical trials, including grapiprant, TPST-
1495, and ANO0025 (previously E7046).

Previous work supports our findings that EP4 plays a fundamental role in cancer
progression. In murine breast cancer models, EP4 antagonism has been shown to
reduce primary tumor growth, stem cell-like functions, tumor-associated angiogenesis

and lymphangiogenesis, and metastasis to the lymph nodes and lungs [340,341]. Xu et

71



al. showed in PC-3 prostate cancer cells that EP4 antagonism (or EP4 siRNA)
attenuates the PGE2-mediated expression of matrix metalloproteinases, nuclear
factor-kB ligand, and runt-related transcription factor 2, which promote cell growth
and metastasis in multiple cancers [342]. We also recently showed that EP4
antagonism significantly reduced SK-UT-1 (leiomyosarcoma) cell migration and
sensitized cells to docetaxel (half-maximal inhibition concentration [ICso] decreased
from 1.47 to 0.46 nM) [343]. Additionally, the intracellular crosstalk between EP4 and
EGFR via EP4/B-arr/Src is well characterized [317,321,344]. In light of this, the co-
inhibition of both receptors is a promising prospect that has been studied previously
in cervical cancer cells by Parida et al. [324]. Cells were stimulated with PGE; and
treated with either an EP4 inhibitor (GW627368X), an EGFR monoclonal antibody,
or both, then screened via Western blot for MAPK, CREB, AKT, and GSK
phosphorylation. While the monotherapies produced potent downregulation in
phosphorylation, the simultaneous blockade of EGFR and EP4 led to further
reductions for multiple targets. This supports the notion that silencing compensatory
signaling pathways can enhance treatment effects. Our study expands on this concept
by coupling the co-inhibition of EP4 and EGFR with PDP.

While BPD-based PDP combined with EP4 inhibition (Figure 3.3) did not
block the tumorigenic signaling of CREB, EGFR, ERK1, or ERK2, the EGFR-EP4
co-inhibition strategy resulted in potent downregulations (Figure 3.7). We show that
phosphorylated EGFR is decreased in the presence of Cet-BPD, regardless of the
addition of AH23848 or light-activation (Figure 3.7C). This is consistent with

previous work by Abu-Yousif et al., who showed that Cet-BPD blocked EGFR
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phosphorylation in EGF-primed OVCAR-5 cells with and without light-activation
[345]. The same study also looked at p-MAPK/ERK signaling and their Cet-BPD
treatment only inhibited ERK phosphorylation when light-activated. Similarly, our
study also showed that Cet-BPD-based PDP attenuates ERK phosphorylation. Unlike
their study, we found that Cet-BPD without light activation also blocked ERK
phosphorylation, though it was not a statistically significant decrease relative to the
vehicle control. This difference can likely be attributed to the higher Cet
concentration used in our study (~250 nM vs. 37 nM). Work by Cherukuri et al.
showed that PGE: stimulates ERK and CREB phosphorylation in colon cancer cells,
and this can be blocked using a selective EP4 inhibitor (L-161,982) [346]. Our study is
partially consistent with this, as we show that EP4 inhibition using AH23848
attenuates ERK1 and ERK2 phosphorylation to ~60% of the vehicle control. Unlike
their study, inhibition of EP4 alone did not block the phosphorylation of CREB,
likely due to the presence of the EGF-mediated stimulation of EGFR. In fact, multiple
studies have linked EGFR to CREB activation [347,348], which is consistent with our
data showing that Cet-BPD alone can modestly attenuate CREB phosphorylation with
or without light activation. Importantly, the only treatment to induce significant
reductions in CREB phosphorylation was Cet-BPD-based PDP combined with
AH23848, demonstrating potent combination effects (Figure 3.7B). While previous
work suggests that photochemistry upregulates both PGE> and COX-2 [349-351], we
did not observe the stimulation of either in our experiments (Figure 3.9). Work by
Ferrario et al. shows that the effects of photochemistry on COX-2 and PGE: are

highly dependent on dosage [349]; this likely explains our results because the light
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dose used (0.1 J/em?) was relatively low. In contrast, we observed a notable
downregulation of PGE: in the supernatants following all treatments, particularly at 4
h.

PDP is a promising modality that leverages subtherapeutic (below the usually
delivered dose) photodynamic therapy alone or as part of a combination regimen for
cancer treatment. We envision that PDP can be in incorporated into the clinic in two
ways. First, PDP can be achieved in the tissues surrounding photodynamic therapy-
treated areas, as shown by Vincent et al. [352]. While these surrounding tissues
receive subtherapeutic photochemistry, the PDP effects may be leveraged to enhance
overall outcomes either through activating antitumor immunity or increasing the
accumulation of another agent. Second, PDP can be used in the clinic as a tool to
precisely enhance the delivery and selectivity of chemotherapy to tumors. Wang et al.
showed that while high fluence PDT (30, 50 J/cm?) induced vascular occlusion in
rodent mesothelioma xenograft tumors, using an intermediate fluence (10 J/cm?)
improved FITC-Dextran leakage in tumors but not normal tissues [353]. Importantly,
using a lower fluence (5 J/em?) did not improve tumor uptake of FITC-Dextran,
highlighting the importance of careful light dose selection for achieving the desired
effects. They further demonstrated that photochemistry at 10 J/cm? combined with
liposomal cisplatin outperformed the monotherapies in inhibiting tumor growth. The
use of PDP for selective chemotherapy delivery to tumors is therefore a promising
avenue through which we envision PDP may be incorporated into a clinical setting.

It is important to acknowledge several limitations of the work in this chapter.

Transwell migration assays are subject to irregular migration and reproducibility
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issues, and in gap closure assays there can be mechanical damage to the cells and
plate surface caused by the scratch as well as general reproducibility issues [354].
Both transwell and scratch assays are also performed on cells plated in two-
dimensional monolayers, which do not replicate the three-dimensional structure of
tumors. Future studies can be performed using 3D cultures and co-cultures that mimic
the collective cell migration of cancer cells due to tumor cell-specific intercellular
connections, tissue scaffold environment interactions, and interactions with tumor-

associated cells.
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Figure 3.9: Investigation of PGE2 release and COX-2 regulation in CAOV3 cells.

CAOV3 cells were treated with serum-free media supplemented with the indicated
agents, and light-activated 24 hours later (0.1 J/cm?, 10 mW/cm?). Supernatants were
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collected at (A) 1 and (B) 4 hours post-PDP and assayed for PGE2 using the
Prostaglandin E; ELISA Kit (514010, Cayman) (C) Lysates were collected at 24
hours post-PDP and probed for COX-2. GAPDH was included as a loading control.
Statistical analysis was performed using a one-way ANOVA and post hoc Tukey’s
test. Error bars represent the standard error of the mean. **p<0.01; ***p<0.001;
**#%p<0.0001; ns: nonsignificant. Each bar is representative of 9 wells of the ELISA
plate. Western blot image is representative of three western blots.

3.5 Conclusions

This chapter demonstrates that PDP improves the anti-migratory activity of a
prostaglandin E receptor 4 antagonist in ovarian cancer cells. We confirm this using
two models of metastatic behavior (gap closure and invasion assays), two ovarian
cancer cell lines (OVCAR-5 and CAOV3), and two photosensitizer formulations
(non-targeted BPD and EGFR-targeted Cet-BPD). Molecular analysis indicates that
EGFR, ERK1/2, and CREB signaling are implicated in these treatment outcomes.
Based on these promising functional and mechanistic in vitro assays, further
experiments to verify in vivo efficacy are warranted. It is also important to mention
that cell migration and invasion are two parts of the complex, multi-step metastatic
cascade. This cascade involves proteolytic remodeling of the basement membrane,
cross-talk with stromal cells, invasion, transport along vascular and lymphatic routes,
extravasation, and formation of metastatic niches [355]. Therefore, further studies to
investigate the role of the PDP-EP4 combination in the context of these other steps
would elucidate the holistic impact of the treatment in regulating cancer metastasis.
Importantly, in addition to overexpression in cancer cells, EP4 is also expressed in
various immune cells (i.e., macrophages, T cells, NK cells, and B cells), and PGE»-
EP4 signaling plays a major role in evasion of the antitumor immune response

[285,356,357]. Future in vivo work to study the PDP-EP4 inhibitor combination
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regimen should therefore evaluate anti-metastatic effects as well as the modulation of

the antitumor immune response.
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Chapter 4: Transient fluid flow improves
photoimmunoconjugate delivery and photoimmunotherapy
efficacy

Circulating drugs in the abdominal cavity at the time of surgery is an effective
strategy for the treatment of peritoneal metastases from ovarian cancer. While fluid
flow can increase the effective contact of drugs with the peritoneal surface, fluid
flow-induced shear stress has been reported to improve cellular uptake of therapeutic
entities. However, a major gap in knowledge exists regarding the potential role of
fluid flow-induced shear stress as a delivery vehicle for photoimmunotherapy. This
chapter addresses this gap using a microfluidic cell culture model to study how fluid
flow-induced shear stress affects the delivery, subcellular localization, and
phototoxicity of photoimmunoconjugates in human ovarian cancer cells.
Photoimmunoconjugate delivery is evaluated at 0, .5, 1, and 5 dyne/cm? at varying
time points (10 minutes to 5 hours), and data are validated in multiple human ovarian
cancer cell lines (OVCARS, OVCAR3). Data from this chapter reveal that delivery at
0.5 and 1 dynes/cm?, compared to static conditions, doubles the cellular delivery of
photoimmunoconjugates. Subsequent studies validate that fluid flow-mediated
treatment ~ with  three  different  photosensitizer =~ formulations = BPD,
photoimmunoconjugates, and photoimmunoconjugate-coated liposomes) led to
enhanced phototoxicity compared to static conditions. This chapter confirms a
fundamental role of fluid flow-induced shear stress in the anti-cancer effects of

photoimmunotherapy, supporting further study of this delivery method.
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4.1 Introduction

As described in Chapter 2, cancer cells in the abdominal cavity are
continuously exposed to fluid shear stress (FSS) from accumulated malignant fluids
(ascites). Patients with advanced stage or recurrent ovarian cancer can present with
over two liters of ascites in the peritoneal cavity [358]. The shear stresses conferred by
currents of ascitic fluid resulting from organ mobility, gravity, breathing and other
bodily movements, are estimated to be 5 dynes/cm? or less [22,23,359,360]. To date,
most research has been dedicated to exploring the impact of ascitic FSS on cell
proliferation, migration, vitality, metabolism, expression of genes and proteins, and
other cellular functions. Overall, these studies have found that “continuous” (days or
weeks) FSS may induce epithelial-mesenchymal transition, increased motility,
morphological changes, or treatment resistance [361-364]. On the other hand,
“transient” (minutes to hours) fluid flow is already used medically to distribute the
chemotherapy solution in the abdomen of patients with peritoneal carcinomatosis for
improved outcomes [365]. With new molecular-targeted theranostic agents and
nanomedicines under development for peritoneally disseminated tumors, there is a
need to enhance our basic understanding of transient FSS as a potential tool in the
arsenal against cancer.

An emerging theranostic treatment for peritoneally disseminated ovarian
cancer is PIT. As described in Chapter 2, PIT is a molecular-targeted modality that
leverages targeting properties of antibodies for selective delivery of photosensitizers
via their conjugation as photoimmunoconjugates (PICs) [277,366]. Upon light

absorption by photosensitizers, highly cytotoxic ROS are generated for the ablation of
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cancer cells and priming of the surviving cells for adjuvant treatments [366]. In
addition to the cytotoxic effects of PIT, the fluorescent signal generated from the
photosensitizers on the PIC can be used for cancer imaging [277]. PIT was first
described by Mew et al. who conjugated myosarcoma-targeted monoclonal antibodies
to hematoporphyrin [269]. Since then, several antibody-photosensitizer combinations
have been developed for the photochemical treatment and diagnosis of cancer [366].

Much of the preclinical and clinical research on PIT targets EGFR
[322,367,368]. EGFR-targeted PIT was shown to selectively induce killing of EGFR-
expressing ovarian cancer cells while mitigating EGFR signaling pathways [345].
Importantly, these findings highlight that antibodies used in PIT retain biological
functions to achieve multi-pronged anti-cancer effects of both photosensitizer
delivery and inhibition of tumor-promoting cell signaling. Consistent with these dual
functions, we and others have shown that PICs targeting the EGFR can attenuate
EGFR and ERKI1/2 signaling [345,369]. Nonetheless, one of the major challenges
associated with PIT is limited photosensitizer delivery to cancer cells [236,327,369].
This can be attributed to several factors including finite antigen numbers per cancer
cell, limited number of photosensitizer-to-antibody payload, and poor tumor
accessibility of antibodies [236]. The work in this chapter overcomes this limitation
through the rigorous examination of transient flow as a drug delivery platform to
enhance total cellular PIC delivery and thereby bolster cytotoxic effects.

In addition to total cellular PIC delivery, the subcellular localization is another
key determinant of PIT treatment effect [370-373]. Upon antibody-EGFR binding in

the plasma membrane, the complex rapidly undergoes receptor-mediated endocytosis
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followed by localization in the endosome, lysosome, endoplasmic reticulum, and
nucleus [374-377]. Prior work shows that lysosomal digestion of EGFR-targeted PIC
dequenches the photosensitizer, enabling applications for PIT and imaging [277,378].
Despite extensive investigations of subcellular PIC accumulation under static
conditions, the role of transient flow as a modulator of these processes remains
largely unknown. Results from this study confirm time- and FSS-dependent effects of
transient flow on PIC subcellular accumulation.

PIT is achieved in this study using FDA-approved agents: Cet, an EGFR-
targeted antibody, and the photosensitizer, BPD. A perfusion system is used to treat
OVCARS8 ovarian cancer cells at varying FSS (0.5-5 dynes/cm?, 1.16-11.55
mL/minute; Supplementary Table 1). Microfluidic models strike an optimal balance
between the simplicity/reductionism of in vitro models with the complexity/realism of
animal models, making them ideal to study the effects of FSS [359,379]. Longitudinal
binding studies reveal time-dependent changes in subcellular uptake that vary
between static and FSS conditions. The results also reveal significant effects of FSS
in promoting total cellular photosensitizer uptake while modulating subcellular
compartmentalization. Toxicity studies are performed with multiple photosensitizer
formulations including free BPD, PIC, and PIC-Nal [327]. Across all formulations,
FSS-mediated delivery induces heightened cell killing. Results from this chapter
implicate transient flow as a fundamental property for consideration in the

implementation of photochemical treatments for locally disseminated metastases.
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4.2 Materials and Methods

4.2.1 Cell Culture

OVCARS cells were obtained courtesy of Dr. Jocelyn Reader (University of
Maryland School of Medicine; University of Maryland Eastern Shore), and OVCAR3
cells were obtained from Dr. Michael M. Gottesman (National Cancer Institute,
National Institutes of Health). OVCAR8 and OVCAR3 cells were maintained in
RPMI-1640 medium with L-glutamine (Corning) supplemented with 10%
(OVCARSY) or 20% (OVCAR3) fetal bovine serum (Gibco), 100 U/mL penicillin and
100 pg/mL streptomycin (Lonza). J774 cells (ATCC) were maintained in DMEM
(ATCC) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100
pg/mL streptomycin. Cells were maintained at 37 °C, 5% CO: incubator and
subcultured at 80-90% confluence for less than 30 passages. Cells were confirmed
free of mycoplasma using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza).

Cell line biological identities were verified using STR profiling.

4.2.2 Photosensitizer Delivery Under Laminar Flow

The in vitro laminar flow model parameters are summarized in Table 4.1, and
experimental workflow is shown in Figure 4.1. OVCARS cells were plated in the p-
Slide 1°6 Luer chips at 250,000 cells/chip and incubated overnight. The following day,
1 uM photosensitizer was administered under flow using the Fluidic Unit Quad pump
system and Pump Control Software (ibidi). The Fluidic Unit Quad pump system
contains 4 perfusion sets, each accommodating one chip. Next, chips were either

immediately collected for photosensitizer uptake analysis or light-activated for
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subsequent viability experiments. Static controls were collected by pipetting 200 puL
treated medium directly into the chip. All treatments were conducted at 37 °C, 5%
CO3, and dark controls were shielded from light throughout the treatment process. For
each replicate in subcellular uptake studies, two chips were combined to accrue
quantifiable amounts of BPD and protein within each fraction. Chips were not

combined for total cellular uptake and cytotoxicity analyses.

Table 4.1: Parameters for in vitro modeling of fluid shear stress.

0 0
0.5 1.16
0.0072 0.6 50 5 2.5 150
1 231
5 11.55

&3




a Plate OVCARS cells Treatment Under Fluid Flow
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nucleus Quantify protein (BCA)
cytosol
35
O
Sy

p. Quantify BPD (UV-Vis)
Quantify protein (BCA)
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P Cell viability analysis

0- 80 Jiem®
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Figure 4.1: Experimental workflow for FSS experiments.

(a) 250,000 OVCARS cells were plated in the p-Slide 1°° Luer chips. Following
overnight incubation, flow was initiated with or without 1 pM photosensitizer. (b)
Next, cells in chips were either immediately collected for total or subcellular analysis
or light-activated for viability quantification 4 hours post-irradiation. Figure graphics
were created using images courtesy of smart.servier.com.

4.2.3 Total and Subcellular Photosensitizer Delivery Analysis

Following photosensitizer treatment in static or flow conditions as described above,

cells were lysed in radioimmunoprecipitation assay buffer (RIPA) (ThermoFisher) for
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total cellular analyses. For isolation of subcellular compartments (plasma membrane,
organelle, cytosol, and nucleus) cell pellets were fractionated using the Minute™
Plasma Membrane Protein Isolation and Cell Fractionation Kit (Invent
Biotechnologies, Inc.). Fluorescence (Ex/Em: 435 nm/700 nm; gain: 150) was
measured using the synergy Neo2 (Biotek), and fluorescence values were compared
to a standard curve to quantify BPD concentration in units of pmoles/L. Next, the
Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific) was used to quantify
protein content in units of pgrams/L. Concentrations of BPD and protein were
divided to determine pmoles BPD/ugrams protein. All fluorescence measurements
were performed in black 96-well plates. The purity of the plasma membrane and
organelle fractions has been previously characterized by Vazquez-Medina, ef al. who

showed that the plasma membrane fraction is enriched with plasma membrane

markers such as Na'/KT-ATPase and flotillin, whereas the organelle fraction is
enriched with markers for the mitochondria, Golgi, and endoplasmic reticulum[380].
Additionally, work by Kutluay et al. demonstrated that the cytosol fraction is

enriched with cytosol marker LC3A/B [381].

4.2.4 Cytotoxicity Analysis

Following photosensitizer treatment, cells were irradiated using a 690-nanometer
laser (10-80 J/cm?, 100 mW/cm?; Modulight, Inc.) and incubated for 4 hours prior to
cytotoxicity analysis by Neutral Red Assay Kit (abcam). Briefly, after washing each
chip with phosphate buffered saline (PBS), neutral red staining solution (prepared at
Ix in cell culture media) was added to the chips and incubated for 2 hours at 37 °C.

The staining solution was then aspirated, and cells were washed and solubilized using
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buffers provided in the kit. The solubilized product was transferred to a 96 well plate,
and absorbance at 540 nm was measured using the Synergy Neo2 (Biotek).
Background-subtracted values were normalized to the untreated control to quantify

lysosomal integrity.

4.2.5 Synthesis and Characterization of Photoimmunoconjugates

PICs were synthesized using carbodiimide chemistry as previously described [327].
10kDa methoxy PEG succinimidyl carboxymethyl ester (mPEG-NHS; JenKem
Technology) was reacted with Cet, BPD N-hydroxysuccinimidyl ester (BPD-NHS),
and azide-PEG4-N-hydroxysuccinimidyl ester (azide-PEG-NHS) at a 3:1:6:2.5 molar
ratio. Purification and buffer exchange were performed with 7 kDa MWCO Zeba™
spin desalting column (ThermoFisher) and 30 kDa MWCO Amicon® Ultra-15
Centrifugal Filter (Millipore Sigma), respectively. Final antibody and BPD
concentrations were determined using Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific) and UV-Vis spectroscopy. SDS-PAGE was used to
measure purity. Final BPD:Cet ratio was ~3:1, representing between 3- to 5-fold
quenching [275,277]. To measure PIC stability under flow, PICs were flowed through
cell-free chips for 30 minutes at 1 dynes/cm?. The perfusate was collected for purity
analysis via SDS-PAGE. Photoactivity was determined by dividing the maximum
fluorescence intensity of PIC in PBS by the maximum fluorescence intensity of PIC

in DMSO following excitation at 435 nm (Synergy Neo2, Biotek).

86



4.2.6 Synthesis and characterization of Nanoliposomes (Nal) and

Photoimmunoconjugate-Nanoliposomes (PIC-Nal)

For Nal synthesis, a mixture of dipalmitoylphosphatidylcholine (DPPC),
dioleoylglycerophosphoglycerol (DOPG), cholesterol, distearoyl-
phosphatidylethanolamine-methoxy polyethylene glycol (DSPE-mPEG2000), and
distearoyl-glycerophosphoethanolamine-N-dibenzocyclooctyl polyethylene glycol
(DSPE-mPEG2000-DBCO) was prepared at a 5.9:0.7:2.9:0.5:0.05 molar ratio in
chloroform. All liposome components were purchased from Avanti. Chloroform was
removed by rotary evaporation, then the dry lipid films were rehydrated in
UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen™). For liposome sizing,
extrusion was performed through a 0.1 um Nuclepore™ Track-Etched Polycarbonate
Membrane Filter (Whatman). Copper-free click chemistry was used to generate PIC-
Nal. PIC (containing azide) and Nal (containing DBCO) were mixed at a 90:1 molar
ratio then purified using Sepharose CL-4B size exclusion chromatography. Size and
zeta potential were quantified using the Nanobrook Omni (Brookhaven Instruments).
PIC-Nal stability under flow and photoactivity were analyzed using the same methods

as PIC.

4.2.7 Lysate Collection and Western Blotting

Cellular proteins for western blotting were extracted as described previously [369].
Briefly, pelleted cells were lysed in radioimmunoprecipitation buffer (Thermo Fisher)
supplemented with protease and phosphatase inhibitors (Thermo Fisher). Proteins
were separated on NUPAGE™ 4 to 12% Bis-Tris gels (Invitrogen) then transferred to

PVDF membranes (Thermo Scientific). Membranes were blocked in milk at room
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temperature for one hour, then probed overnight for EGFR (1:1000, Cell Signaling
#4267) and GAPDH (1:1000, Cell Signaling #2118). Primary antibody solutions were
prepared in 5% bovine serum albumin (Fisher Scientific) dissolved in Pierce™ TBS
Tween™ 20 Buffer (Thermo Fisher). Chemiluminescence was generated using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher), then
detected using the Azure 500 imager (Azure Biosystems). Image analysis was
performed using imageJ. Background-subtracted EGFR band intensity was
normalized first to GAPDH, then to the static control for quantification of relative

protein expression.

4.2.8 Confocal Microscopy

OVCARS cells were seeded in p-Slide I°° Luer chips (ibidi) at 250,000 cells/chip and
incubated overnight for attachment. Next, 5 pM PIC treatment was administered
under static or flow (1 dyne/cm?) conditions for 5 hours. Cells were immediately
fixed in 10% neutral buffered formalin (Millipore Sigma) for 15 minutes then stained
with NucBlue™ Live ReadyProbes™ Reagent (Invitrogen). Confocal images were

collected using a 405 nm laser with emission windows of 430-470 nm (nuclei) and

650-750 (BPD).

4.2.9 Statistical Analysis

In this study, PRISM version 9.0.2 for MacOS was used for statistical analysis.
Image] was used for quantification of photoimmunoconjugate purity and western

blotting. Data were analyzed using unpaired t-test (where two groups are compared)
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and one-way ANOVA (where three or more groups are compared). Post-hoc tests
used within each figure are specified in the figure captions. P values < 0.05 were
considered statistically significant, where * p < 0.05; ** p < 0.01; *** p < 0.001;

*H%E p <0.0001; ns: nonsignificant.

4.3 Results

4.3.1 Photoimmunoconjugate stability and cell viability are maintained under

transient fluid shear stress, while EGFR expression is modestly attenuated

A model for the delivery of photodynamic agents under FSS culture was
established using the ibidi Pump System and p-Slide I°¢ Luer chips (ibidi). This
model was first implemented for the evaluation of flow-induced changes in PIC
purity and cellular properties (Figure 4.2A-C). Purity was evaluated to ensure that
treatment under FSS conditions would not compromise PIC conjugation. In these
experiments, PIC was run through the pump for 30 minutes at 1 dynes/cm? in cell
culture medium or PBS. Perfusate was then collected and subjected to gel
electrophoresis for imaging of fluorescence (ex/em: 435/700) and total protein
(Figure 4.2A-B). The quantified purity data (Figure 4.2C) revealed that PICs
retained purity following FSS culture conditions. Next, drug-free experiments were
performed to evaluate the cellular effects of transient FSS (30 minutes, 1 dynes/cm?).
Figure 4.2D shows that flow conditions did not cause significant alterations in cell
viability (analyzed by NRU assay) compared to static controls. Images of cells
following culture in static and flow conditions showed no significant morphological

differences. (Figure 4.2E) Quantification of cellular EGFR expression revealed a
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13% decrease (p < 0.05) following FSS culture (30 minutes, 1 dynes/cm?) (Figure

4.2F-G).
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Figure 4.2: Transient fluid shear stress-induced effects on PIC purity, cell viability,

and EGFR expression.
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(a-c) Comparison of PIC purity following incubation under static or flow conditions.
This data is representative of three gels. Cell viability (d), morphology (e-f), and
EGFR expression (g-h) were evaluated following drug-free treatment under static or 1
dynes/cm? conditions for 30 minutes. Viability and western blot data are
representative of at least 3 ibidi chips. Statistical analysis was performed using one-
way ANOVA (c) and t-tests (d, h). Error bars represent the standard error of the
mean. * p <0.05; ns: nonsignificant. All data shown is representative of at least three
datapoints.

4.3.2 Longitudinal binding analysis reveals that transient fluid shear stress modulates

PIC-based BPD localization in a time-dependent manner.

Next, the role of FSS in longitudinally modulating subcellular photosensitizer
compartmentalization was examined. Data in the plasma membrane and organelle
compartments revealed a time-dependent increase in BPD accumulation over time,
reaching an observable plateau by 3 hours at ~0.24 pmoles and ~0.28 pmoles,
respectively (Figure 4.3A-B). No significant differences in plasma membrane protein
levels were observed, though a significant increase from 4.08 to 11.34 pgrams protein
(p < 0.01) was observed for the organelle compartment at 30 minutes. Longitudinal
data for the nuclear compartment reveals overall more BPD following FSS culture,
with statistically significant increases at 30 minutes and 300 minutes (p < 0.01)
(Figure 4.3C). Nuclear protein remained unchanged longitudinally between static
and flow conditions. In the cytosolic compartment, which contains the most cellular
proteins, higher amounts of BPD are observed under FSS treatment conditions
compared to static, with a significant increase at 240 minutes (p < 0.05) (Figure
4.3D). Total BPD was normalized to protein (Figure 4.4) to analyze changes in BPD
with consideration for protein modulation within each compartment. Fold changes in

BPD/protein averaged across all time points from 10-300 minutes revealed that FSS-
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mediated PIC delivery changes uptake by 1.01-fold, 0.97-fold, 2.52-fold and 7.03-

fold in the plasma membrane, organelle, nuclear, and cytosol fractions, respectively.
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Figure 4.3: Longitudinal monitoring of subcellular photosensitizer and protein under
transient fluid shear stress.

Confluent monolayers of OVCARS cells were treated with 1 uM PIC under static or
FSS (5 dynes/cm?) conditions for 10, 30, 60, 120, 180, 240, and 300 minutes. At each
time point, cells were fractionated using Minute™ Plasma Membrane Protein
Isolation and Cell Fractionation Kit (Invent Biotechnologies, Inc.). Longitudinal data
for total BPD and protein are plotted for the plasma membrane (a), organelle
compartment (b), nucleus (c), and cytosol (d). BPD association profiles are shown for
the groups treated under static and FSS conditions with a dotted blue line and a solid
blue line, respectively. Statistical analysis was performed using t-tests at each time
point. Error bars represent the standard error of the mean. * p < 0.05; **p <0.01; ns:
nonsignificant. Each point is representative of at least 6 ibidi chips.
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Figure 4.4: Longitudinal monitoring of BPD/Protein under transient fluid shear
stress.

The total BPD is normalized to the total protein at each compartment: plasma
membrane (a), organelle (b), nucleus (c¢), and cytosol (d). Data points are plotted at
each time point along with kinetic association profiles. Statistical analysis was
performed using unpaired t-tests at each time point, and error bars represent the
standard error of the mean. * p < 0.05; ** p < 0.01 ns: nonsignificant. Each point is
representative of at least 6 individual ibidi chips.

4.3.3 Total cellular uptake varies with fluid shear stress.

Following PIC treatment under 0, 0.5, 1, or 5 dynes/cm?, total cellular BPD
and protein were quantified (Figure 4.5). While FSS-mediated PIC treatment did not
induce significant changes in total cellular protein, cellular BPD increased from 0.42
to 0.79 pmoles (p < 0.05), 0.74 pmoles (p < 0.01), and 0.63 pmoles for 0.5, 1, and 5
dynes/cm?, respectively (Figure 4.5A). Results for total BPD vs. total cellular protein
are plotted in Figure 4.5B. Groups treated under FSS tend to cluster higher on the
graph with respect to the y-axis (BPD). Normalized BPD/protein increased under FSS
conditions by 1.95-fold (p < 0.01), 1.71-fold (p < 0.01), and 1.62-fold for 0.5, 1, and

5 dynes/cm?, respectively (Figure 4.5C). Considering the heterogeneity of ovarian
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cancers, we next investigated PIC uptake under static versus FSS conditions (1
dyn/cm?) of a secondary high grade serous cell line, OVCAR3 (Figure 4.6). PIC
delivery to OVCAR3 cells, measured in BPD normalized to protein, increased under

FSS by ~70%.
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Figure 4.5: Comparison of total BPD, total protein, and BPD/protein at varying fluid
shear stresses.

OVCARS cell monolayers plated pu-Slide I°¢ Luer chips were treated with 1 uM PIC
for 30 minutes under static or FSS (0.5, 1, 5 dynes/cm?) conditions. Total BPD and
protein were quantified by UV-Vis spectrophotometry and BCA, respectively.
Averaged data (a) and individual datapoints (b) are shown, as well as the normalized
BPD/protein (c). Statistical analysis was performed using a one-way ANOVA, and
FSS data were compared to static controls using post hoc Dunnet test. Error bars
represent the standard error of the mean. *p <0.05; **p <0.01; ns: nonsignificant.
Each point is representative of at least 5 individual ibidi chips (a,c).
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Figure 4.6: PIC uptake by OVCAR3 under static and FSS conditions

OVCARS3 cells were seeded at 250,000 cells per chip in p-Slide 1°¢ Luer chips, and
after overnight incubation, treated with 1 pM PIC under 0 or 1 dyne/cm?2 for 30
minutes. BPD/Protein was quantified as described in Materials and Methods. Each
bar is representative of five individual ibidi chips.

4.3.4 Varying fluid shear stress modulates subcellular photosensitizer localization

and compartmentalization.

FSS-dependent variations in subcellular localization (Figure 4.7) and
compartmentalization (Figure 4.8) were characterized. For all subcellular
compartments, FSS culture during photosensitizer treatment enhanced BPD
accumulation at all flow rates compared to the static control (Figure 4.7 A-D). BPD
localization in the plasma membrane increased from 0.057 pmoles at 0 dynes/cm? to
0.079, 0.135, and 0.081 pmoles for 0.5, 1, and 5 dynes/cm?, respectively. In the
organelle compartment, BPD in static groups averaged 0.087 pmoles, whereas
increases in moles of BPD to 0.125, 0.187 (p < 0.01), and 0.131 pmoles were

observed with at 0.5, 1, and 5 dynes/cm?, respectively. Nuclear BPD localization
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increased drastically under FSS-mediated treatment, with 0.037 pmoles under static
conditions increasing to 0.147 (p < 0.01), 0.191 (p < 0.0001), and 0.113 (p < 0.05),
pmoles at 0.5, 1, and 5 dynes/cm?, respectively. Cytosolic BPD was approximately 0
pmoles following PIC incubation under static culture for 30 minutes, but increased to
0.049, 0.152 (p < 0.001), and 0.046 pmoles with increasing FSS. Variations in
compartmental protein levels were less consistent, though some significant changes
were revealed. In the plasma membrane, protein increased significantly between 0
and 1 dynes/cm? (5.22 to 10.57 pgrams, p < 0.05). In the organelle compartment,
protein increased from 4.78 to 11.34 pgrams (p < 0.05) at 0 and 5 dynes/cm?,
respectively. No significant changes in nuclear protein were observed, though
cytosolic protein decreased from 65.51 pgrams at 0 dynes/cm? to 41.20 pgrams at 5
dynes/cm? (p < 0.05).

Trends in BPD vs. protein were next explored (Figure 4.7 E-H). Plasma
membrane data revealed that FSS conditions enhanced BPD and protein levels
compared to static conditions. In the organelle compartment, nearly all the FSS-
cultured groups showed higher amounts of total protein, and most showed higher
amounts of BPD uptake, with respect to the static controls. Within the nuclear
fraction, FSS data are loosely grouped above static with respect to the y-axis, without
consistent differences along the x-axis (protein). In the cytosol, there are no clear
trends in grouping of protein levels with varied FSS, though BPD is observably
higher for most groups treated under FSS. Next, BPD was normalized to protein
(Figure 4.7 I-L), revealing notable increases in the nuclear compartment from 0.005

at 0 dynes/cm? to 0.019, 0.024 (p < 0.01), and 0.019 (p < 0.05) pmoles/ugram at 0.5,
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1, and 5 dynes/cm?, respectively. In the cytosol compartment, BPD/protein increased
from ~4e-5 pmoles/ugram at the static condition by 50-fold at 1 dynes/cm? (p < 0.01),
and ~20 fold at 0.5 and 5 dynes/cm?. Percentage of total cellular BPD and protein
contained within each subcellular compartment was next investigated (Figure 4.8).
BPD and protein values were summed across all fractions, then values in each
fraction were divided by the sum to determine percentages. Under flow, percent BPD
decreased in the organelle fraction and increased in nuclear and cytosol fractions
(Figure 4.8 A). Organelle-localized percent protein increases under flow from 6%
under static treatment to ~13% under flow (Figure 4.8 B). Cytosolic percent protein
reveals a concomitant decrease from 80% under static treatment to an average of 68%
under flow. Confocal microscopy was used to further confirm enhanced PIC delivery

under FSS conditions (Figure 4.9).
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Figure 4.7: Fluid shear stress-dependent changes in subcellular BPD and protein

compartmentalization.

Monolayers of OVCARS cells were treated with 1 uM PIC under static or FSS (0.5,
1, 5 dynes/cm?) conditions, then fractionated for subcellular analysis of BPD, protein,
and BPD/protein. FSS-dependent changes in BPD and protein (a-d). Individual
datapoints for BPD versus protein (e-h). Normalized BPD/protein in each
compartment (i-1). Statistical analysis was performed using a one-way ANOVA, and
FSS data were compared to static controls using post hoc Dunnet test. Error bars
represent the standard error of the mean. *p <0.05; ** p < 0.01; ***p <0.001; ****
p < 0.0001; ns: nonsignificant. Each datapoint shown is representative of at least
three ibidi chips (a-d, i-1).
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Figure 4.8: Percent distribution of BPD and protein among subcellular
compartments.

Total BPD (a) and total protein (b) values were summed across all compartments,
then values in each compartment were divided by the sum to determine percentage.
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Circle diameter is equal to the fold change in total BPD or protein compared to static
condition. Fold change is listed inside each circle. Compartment percentages are
listed outside each segment.

FSS

Figure 4.9: Confocal fluorescence imaging of PIC uptake.

250,000 OVCARS cells were seeded in p-Slide 1°® Luer chips and incubated
overnight for attachment. Chips were next treated with 5 uM PIC under static or FSS
(1 dyne/cm?) conditions for five hours. Chips were fixed in 10% neutral buffered
formalin and stained for nuclei prior to confocal imaging. The scale bar represents 50
wm.

4.3.5 Transient flow-mediated delivery enhances cytotoxicity of three photosensitizer

formulations in a light-dose dependent manner

Next, cytotoxicity of photodynamic agents delivered under static or FSS
conditions was assessed. Multiple formulations were included to evaluate variations
across free photosensitizer (BPD), antibody-conjugated photosensitizer (PIC), and
liposome-conjugated PIC (PIC-Nal) (Figure 4.10). The PIC-Nal formulation was
previously developed by us [327]. PIC-Nal size, PDI, zeta potential, and stability
under FSS were tested (Table 4.2; Figure 4.11). There were no significant
differences in size and PDI between FSS-treated and static-treated PIC-Nal after 30
minutes or 2 hours, indicating overall stability. Photoactivity was quantified for all

formulations (Figure 4.12), revealing 0.6%, 3.4%, and 10.6% photoactivity for BPD,
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PIC, and PIC-Nal, respectively. For PIC-treated groups, cell viability decreased with
flow treatment from 89 to 74%, 80% to 65.5% (p < 0.05), 76% to 64.25% (p <
0.001), and 62.7% to 51% (p < 0.05) for 10, 20, 40, and 80 J/cm?, respectively
(Figure 4.13 A). For cells treated with PIC-Nal, flow treatment decreased viability
from 88% to 86.3%, 81% to 67.7%, 73% to 65%, and 67.7% to 50% (p < 0.01) at 10,
20, 40, and 80 J/cm?, respectively (Figure 4.13 B). Free BPD induced the most potent
cytotoxicity, which was improved further still by flow-mediated delivery from 60% to
45%, 47.7% to 27.3% (p < 0.05), 35% to 15.3% (p < 0.01), and 12.7% to 5% at each
increasing light dose (Figure 4.13 C). Next, total cellular photosensitizer uptake
profiles were compared between each photosensitizer formulation (Figure 4.13 D-F).
Consistent with the cytotoxicity data, FSS-mediated delivery enhanced total cellular
uptake across all formulations. Uptake improved under flow by ~67% for BPD (p <
0.001), 60% for PIC (p < 0.001), and ~43% for PIC-Nal. We also confirmed, using
EGFR-negative cells (J774), that the FSS-enhanced uptake of PIC is dependent on
EGFR-expression. While BPD uptake by J774 cells increased significantly under

FSS, PIC uptake did not change. (Figure 4.14).
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Figure 4.10: Photosensitizer formulation schematic.
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BPD, PEG-NHS, and Azide-PEG-NHS are conjugated to Cet using carbodiimide
chemistry to generate photoimmunoconjugates. The photoimmunoconjugate is then
linked to liposomes using copper-free click chemistry. Figure graphics were created
using images courtesy of smart.servier.com.

Table 4.2: Physical characterization of liposomal formulations. Data is representative
of at least 3 nanoparticle batches.

Nal N/A
121.38 £3.58 | 0.09 +£0.008 -12.57 £0.88

PIC-Nal 33.75+1.76
135.11+£0.79 1 0.15+0.005 [ -15.39+0.213
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Figure 4.11: Stability of PIC-Nal under FSS.

PIC-Nal (1 uM) was run through cell-free chips in UltraPure distilled water at 1
dynes/cm?. The perfusate was sampled at 30 and 120 minutes, then size (a) and PdI
(b) were quantified. Statistical analysis was performed using unpaired t-tests at each
time point, and error bars represent the standard error of the mean. ns: nonsignificant.
Each point shown is representative of at least 3 nanoparticle batches.
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Figure 4.12: Photoactivity of three photosensitizer formulations.

Photoactivity was quantified for BPD, PIC, and PIC-Nal by dividing the maximum
fluorescence intensity in water by the maximum fluorescence intensity by in DMSO.
Statistical analysis was performed using a one-way ANOVA with post-hoc Tukey
test. Error bars represent the standard error of the mean.* p < 0.05; *** p < 0.001;

*¥*%% p <0.0001 ns: nonsignificant. Each bar shown is representative of 3 individual
datapoints.
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Figure 4.13: Cytotoxicity and uptake of three photosensitizer formulations following
transient flow-mediated treatment.

Confluent monolayers of OVCARS cells were treated with 1 uM PIC (a), 1 uM PIC-
Nal (b), or 1 uM free BPD (c¢) for 30 minutes under static or FSS (1 dynes/cm?)
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conditions. Next, medium was exchanged and chips were irradiated with a 690 nm
laser at 10, 20, 40, or 80 J/cm? (100 mW/cm?). After 4 hours, cell viability was
analyzed by NRU. For uptake studies, cells were incubated under static or FSS
conditions with PIC (d), PIC-Nal (e), or BPD (f), then immediately washed, collected,
and analyzed as described in Methods. Statistical analysis was performed using
unpaired t-tests. Error bars represent the standard error of the mean. * p < 0.05; **p
< 0.01; *** p < 0.001 ns: nonsignificant. Each bar shown is representative of 3

individual ibidi chips.
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Figure 4.14: Fluid shear stress-mediated uptake evaluation in EGFR-negative J774
cells.
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Expression of EGFR by OVCARS and J774 cells was evaluated by western blotting
(a). Next, J774 cells were treated with 1 uM BPD (b) or PIC (c) under static or FSS
conditions (1 dynes/cm?) for 30 minutes. Cellular BPD (pmoles) was normalized to
total protein (ug) to quantify photosensitizer uptake. ** p < 0.01; ns: nonsignificant.
Western blot data is representative of three 35-mm dishes. Uptake data is
representative of three ibidi chips.

4.4 Discussion

Cancers in the peritoneal cavity are currently treated with fluid flow-based
drug delivery in the HIPEC procedure, but the potential of transient flow as an
amplifier of photochemical efficacy remains largely unknown. This chapter sheds
light on the potential application of transient flow in PIC delivery and the efficacy of
EGFR-targeted PIT. Numerous models of flow-mediated drug delivery have been
examined in previous work [361,363,364,382-390]. Recently, using a perfusion model
with adherent 3D ovarian cancer nodules, we found that FSS (3 dynes/cm?) induced
resistance to carboplatin, but not photoimmunotherapy [364]. The same study also
showed that extended exposure to FSS (7 days) resulted in upregulation of
phosphorylated ERK 1/2 and EGFR. In contrast, Figure 4.2 shows a 13% decrease (p
< 0.05) in EGFR expression following 30 minutes of exposure to FSS. There may,
therefore, be kinetic variations in the biological effects of FSS on protein expression,
internalization, and degradation. As recently reviewed by Lopez-Hernandez et al.
[391], cells may increase cellular endocytosis and subsequent lysosomal degradation
of plasma membrane proteins in response to environmental stresses. In support of
this, He et al. anchored hairpin-type fluorescent DNA probes to the cell surface to
track the internalization of cell surface proteins under FSS [392]. They found that FSS

enhanced the endocytosis of plasma membrane proteins, resulting in probe
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localization at the mitochondria and lysosomes. Time-dependent effects of FSS on
endothelial cell uptake of PECAM-targeted nanoparticles were previously examined
by Han et al. [363]. They compared acute (30 minutes) versus chronic (16 hours) FSS
and uncovered opposing effects on uptake. Chronic FSS caused decreased
nanoparticle uptake that was linked to morphological cellular alignment in the
direction of flow and the formation of actin stress fibers. Treatment under acute FSS
caused increases in nanoparticle uptake that were dependent on flow rate and number
of antibodies per nanoparticle.

This is the first study, to our knowledge, to evaluate the dynamics of PIC
binding and internalization in EGFR-expressing cancer cells under FSS. (Figure 4.3;
Figure 4.4). Previous studies show that Cet-EGFR binding induces internalization of
the Cet-EGFR complex, followed by trafficking to intracellular compartments
including the endosome, lysosome, endoplasmic reticulum, and nucleus [374-377].
Work by Patel et al. found that when Cet binds to the EGFR-expressing cell surface,
it begins internalization within minutes [376]. Localization increases gradually over
the course of four hours. Similarly, we showed that photosensitizer localization was
detectable in the plasma membrane and organelles in as early as 10 minutes after
incubation/treatment, and accumulation plateaued after roughly 3 hours (Figure 4.3).
Our studies also revealed rapid nuclear localization, which was significantly
enhanced under FSS culture after a 30-minute incubation. Consistent with these
findings, Liao et al. showed, by western blot, that EGFR localizes to the nucleus as

early as 30 minutes following incubation of MDA-MB-468 cells with Cet.
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We next evaluated the effect of varying FSS (0.5, 1, 5 dynes/cm?; 1.16, 2.31,
11.55 mL/minute) on the total cellular (Figure 4.5) and subcellular (Figures 4.7, 4.8)
BPD, protein, and BPD/protein. The total cellular BPD and BPD/protein increased
significantly under 0.5 and 1 dynes/cm? compared to the static control (Figure 4.5).
The total BPD and BPD/protein also increased at 5 dynes/cm?, however these
changes did not reach statistical significance. Similar trends are seen within all
subcellular compartments (Figure 4.7), where pmoles BPD increased at 0.5 and 1
dynes/cm? compared to the static condition, and then began to decrease at 5
dynes/cm?. This highlights a phenomenon previously shown in literature in which a
FSS “sweet spot” is achieved. Samuel et al. examined the effects of varying flow rate
on the HUVEC uptake of 2.7 nm quantum dots, 4.5 nm quantum dots, and 50 nm
silica particles [382]. Uptake was most notably enhanced at moderate flow rates (0.05,
0.1 Pa), but the increase in uptake was less pronounced at the highest flow rate (0.5
Pa). Han et al. investigated the role of varying flow rate in the internalization of
PECAM-targeted nanocarriers [363]. It was found that for particles with 50 antibody
per nanocarrier, uptake increased significantly between 1-4 dynes/cm?, but not below
(0.5 dynes/cm?) or above (8 dynes/cm?). Recently, Charwat et al. leveraged a
complementary in silico and in vitro approach to evaluate the dynamic changes in
uptake of 249 nm nanoparticles by endothelial cells under varying FSSs. They
identified 1.8 dynes/cm? as the critical rate at which uptake is at a maximum. Above
this rate, nanoparticle uptake decreased despite an increasing number of nanoparticles

entering the system.
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With increasing global use of HIPEC for intraperitoneal malignancies, FSS-
based cancer treatment is a growing field of study. However, despite prior clinical use
of photodynamic therapy for peritoneally disseminated cancers, the impact of FSS on
photochemical treatments is largely unknown. In this study, three photosensitizer
formulations were tested under FSS for the treatment of ovarian cancer in vitro.
Multiple light doses were evaluated to account for light dose-dependent changes. All
formulations exhibited trends toward greater cytotoxicity under FSS, with free BPD
inducing the most cell killing compared to PIC and PIC-Nal (Figure 4.13). This is
attributed to greatly enhanced uptake of free BPD compared to the antibody-based
formulations. This is consistent with previous work that has shown enhanced uptake
and anti-cancer effects of free photosensitizer compared to antibody-conjugated
photosensitizer, though with the trade-off of poor cancer selectivity
[236,327,345,369,378]. Additionally, unlike BPD and PIC, PIC-Nal uptake is not
significantly enhanced under FSS-based treatment, though it trends towards an
increase. Consistent with these observations, changes in toxicity under FSS are more
modest for PIC-Nal compared to the other formulations. These formulation-based
variations in uptake and cell killing are expected. As recently reviewed by Shurbaji et
al., the effects of FSS on drug delivery and treatment effect are variable and depend
on multiple factors including particle size, shape, charge, and elasticity [359].
Antibody-functionalized nanoparticles also vary in binding under FSS based on the
number of antibodies per nanoparticle [363]. Based on these data, the clinical

implementation of FSS-based photodynamic treatment will require careful

110



consideration of nanoparticle properties and treatment parameters to enhance
treatment outcomes.

It is critical to acknowledge several limitations of the work in this chapter.
One such consideration is that the clinical relevance of EGFR-targeted therapies for
ovarian cancer remains ambiguous. Overexpression of the EGFR protein by ovarian
cancers ranges widely from 9-62% [393]. Furthermore, efficacy of EGFR-targeted
therapies for ovarian cancer has been limited [394]. As expertly reviewed by Bhandari
et al. [395], previous work shows that while the binding of EGFR-targeted
photoimmunoconjugates correlates with cellular EGFR expression, phototoxicity
does not correlate with EGFR expression. This suggests that more factors are at play,
such as the sensitivity of individual cancer cell lines. Still, EGFR-targeted
photoimmunoconjugates are at the forefront of clinical photoimmunotherapy, with
one clinically used formulation in Japan and four clinical trials in the United States.
Additionally, photoimmunotherapy is a platform technology, where various
photosensitizers and antibodies can be conjugated to target specific tumor antigens
that are relevant for different cancers. Therefore, information from this study could
help to advance the development of photoimmunoconjugates that target non-EGFR
antigens for the treatment of ovarian cancer. Another limitation of this study is the
variation between our flow model and physiological intraperitoneal flow. In this
study, experiments are conducted under carefully controlled laminar flow, whereas
flow in the peritoneal cavity is expected to be more turbulent. Further in vivo work is
warranted to evaluate more physiologically-relevant flow as a carrier for

photoimmunoconjugates.
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4.5 Conclusion

In conclusion, this chapter examines the role of transient fluid shear stress as
mediator of photoimmunoconjugate delivery and interrogates the subsequent
treatment effects with three photosensitizer formulations. We first confirm that the
conjugation of the photoimmunoconjugate remains stable and cell viability is not
altered during treatment under transient fluid shear stress (Figure 4.2). Next, kinetic
variations in photosensitizer delivery to subcellular compartments under static versus
flow conditions are examined, revealing time-dependent changes in the BPD
accumulation at the nucleus and cytosol (Figure 4.3). In contrast, BPD at the plasma
membrane and organelles remains largely unchanged by treatment under fluid shear
stress. Fluid shear stress-dependent changes in total and subcellular BPD and protein
are next evaluated, demonstrating the most significant increases in BPD accumulation
at 0.5 and 1 dynes/cm? (Figures 4.5, 4.7). We next evaluated subcellular
compartmentalization of BPD and protein, revealing fluid shear stress-induced trends
towards lower percent BPD at the organelles and higher percent BPD at the nucleus
and cytosol fractions (Figure 4.8). Total protein values do not change significantly in
flow-treated cells, however the compartmentalization of protein decreases at the
cytosol by up to 16% and increases at the organelles by up to 12% between static and
fluid shear stress conditions. Figure 4.13 shows the enhancement in phototoxicity of
three photosensitizer formulations when treated under fluid shear stress compared to
static conditions. Cell killing caused by free photosensitizer, photoimmunoconjugate,
and photoimmunoconjugate-coated liposomes are all enhanced when administered at

1 dyne/cm?. Overall, these preclinical data implicate flow-based treatment as a
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powerful parameter in the use of photoimmunotherapy for the treatment of

peritoneally metastasized cancers.
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Chapter 5: The Role of PARP Inhibition in Evolutionary
Dynamics of Ovarian Cancer

In our previous work, a dual-fluorescent co-culture model was developed to
study the population dynamics of the drug sensitive human ovarian cancer cell line
(OVCARS8-DsRed2) and its resistant subline that overexpresses P-gp (NCI/ADR-
RES-EGFP) during photodynamic therapy (PDT)-PARP inhibitor combination
therapies [396]. The combination of olaparib treatment and BPD-PDT significantly
reduced viability and enhanced DNA damage, but resulted in substantial selection
pressures for the chemo-resistant subpopulation. In contrast, the use of lipid-
conjugated BPD with olaparib mitigated these selection pressures by up to 18-fold.
This work supports the use of PDT-PARP inhibitor combinational therapies, while
motivating the use of lipid-conjugated photosensitizers to overcome multidrug
resistance. Chapter 5 further realizes the PDT-PARP inhibitor combinational strategy
through the invention of a novel nanotechnology. The most potent clinical PARP
inhibitor, talazoparib, is loaded into the core of a polymeric nanoparticle, which is
subsequently surface-decorated with photoimmunoconjugates to form PIC-NP-Tal. In
parallel, a new 3-dimensional fluorescent co-culture model is developed using
OVCAR-8-DsRed2 and NCI/ADR-RES-EGFP plated at equal ratios and tracked up
to 12 days. PIC-NP-Tal and all relevant controls are evaluated in the 3D coculture
model at multiple irradiation doses to thoroughly characterize combination and
monotherapy effects on total spheroid ablation and relative changes in parental and

subline cell population dynamics.
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5.1 Introduction

As discussed in Chapter 2, the poly(ADP-ribose) (PAR) post-translational
modification is a major biological regulator with broad roles in cell survival, gene
expression, and energy metabolism [292]. The transfer of PAR chains to target
proteins is accomplished by PAR polymerases (PARPs), which use NAD" as a
substrate and generate nicotinamide as a byproduct. PARP-1 binds to DNA single-
strand breaks (SSBs), initiating PARylation of acceptor proteins including PARP-1,
histones, and other DNA repair proteins [293]. These appended PAR chains recruit
additional DNA repair molecules for SSB rectification, such as XRCCI [293,294]. In
recent years, there has been increasing clinical interest in PARP inhibitors (PARP1)
for oncologic applications, particularly in patients with BRCA mutations where
synthetic lethality can be achieved [296]. Mechanistically, PARPi function through 1)
directly competing with NAD+ at the PARP catalytic site and 2) trapping PARP at
the SSB site, forming toxic PARP-DNA complexes [397].

PARPi first entered the clinical sphere in 2014 with the FDA and EMA
approvals of olaparib for the treatment of advanced ovarian cancer [296]. Since then,
three additional PARPi (rucaparib, niraparib, and talazoparib) have been FDA-
approved for clinical use. These agents have been used for the treatment of numerous
malignancies including ovarian, breast, pancreatic, prostate, fallopian, and primary
peritoneal cancers [296]. Talazoparib, the most recently FDA-approved PARP;,
exhibits the greatest potency compared to olaparib, rucaparib, and niraparib, with
lower ICso values for PARPs-1, -2, -3, -4, and the strongest PARP trapping

capabilities [398,399]. While talazoparib is the most potent PARPi, it is also the most
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toxic to normal cells and the most poorly tolerated. As a result, maximum tolerated
dose of talazoparib is at least 300-fold lower than that of other clinically used PARPi
[400]. Combinational therapeutic strategies are a cornerstone in cancer therapeutics
that may be leveraged to enable dose reductions of the individual therapies while
maximizing anti-cancer effects [401]. In this study, a novel nanoplatform is engineered
for ovarian cancer-targeted codelivery of talazoparib with photodynamic therapy
(PDT).

PDT, as explained in Chapter 2, involves the light-activation of photosensitive
dyes (photosensitizers) resulting in the generation of reactive molecular species which
can induce direct cytotoxicity and modulate biological processes [366]. Prior work has
established harmonization between PDT and PARPi as an anti-cancer combination
regimen for applications in ovarian, gastric, pancreatic, and skin cancers [396,402-404].
Tanaka et al. found that talaporfin-mediated PDT enhanced PARP-trapping
capabilities of olaparib; and their combination significantly suppressed gastric tumor
growth in a xenograft murine model [402]. Lei et al. codelivered chlorin e6 and
olaparib to pancreatic cancer cells and demonstrated that their combination enhanced
cytotoxicity, ROS generation, and DNA damage [403]. We have previously
demonstrated that olaparib in combination with PDT using BPD effectively reduced
survival and clonogenicity of a coculture system of chemo-sensitive and chemo-
resistant ovarian cancer cells [396]. In the same study, we further demonstrated that a
lipidated photosensitizer formulation reduced selective survival advantage of the
chemo-resistant cells, effectively redirecting cancer evolution dynamics [396]. This

exemplifies the potential of nanoengineered combination therapies for overcoming
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critical barriers to clinical translation such as multidrug resistance. This is particularly
relevant for PARP inhibitors, which have been shown in preclinical studies to induce
acquired drug resistance through overexpression of multidrug resistance protein 1
(MDRI1, P-gp, ABCB1). Rottenberg et al. compared olaparib-sensitive and olaparib-
resistant tumors by quantifying the abcbla/b genes that encode for murine and found
up to 85-fold increase in over 70% of resistant tumors compared to those
sensitive[405]. They further demonstrated that olaparib resistance could be reversed by
the addition of a P-gp inhibitor, tariquidar. In another study, Oplustilova et al.
showed, using a proliferation assay, that the P-gp inhibitor verapamil sensitized
HCT116 colon cancer cells to PARP inhibitor KU 58948 [406].

In this study, nanoengineering approaches are leveraged for encapsulation of
talazoparib in polymeric nanoparticles (NP-Tal). NP-Tal is surface-decorated with
antibody-photosensitizer conjugates (photoimmunoconjugates, PIC) using click
chemistry for dual functionalization with cancer-targeting capabilities and PDT (PIC-
NP-Tal). Optimal synthesis parameters are established to determine the masses of
polymer and talazoparib added to the synthesis, as well as PIC-to-nanoparticle ratio.
In parallel, a three-dimensional coculture model of fluorescently labelled ovarian
cancer cells is developed to examine evolution of multi-drug resistance. The model is
comprised of the parental OVCARS8-DsRed2 cells grown with their chemo-resistant
P-gp overexpressing subline, NCI/ADR-RES-EGFP. This model enables
fluorescence-based longitudinal viability tracking of each cell line in response to
treatment, potentiating precise dose optimization. Results demonstrate that low dose

NP-Tal (0.01 uM) trends towards selection of the drug-resistant populations by
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killing the parental OVCARS8-DsRed?2 but sparing the NCI/ADR-RES-EGFP subline.
In contrast, higher doses of NP-Tal (> 0.01 uM) kill both cell lines to similar degrees.
Next, the combination of PIC and NP-Tal is compared to the conjugated PIC-NP-Tal
to evaluate the role of conjugation on therapeutic effect. Results demonstrate potent
combination effects of PIC and NP-Tal when mixed, but less potent effects when
conjugated together. Additionally, treatment with PIC, BPD + NP-Tal, PIC + NP-Tal,
and PIC-NP-Tal demonstrated selection pressures for the chemo-resistant subline,
whereas NP-Tal alone and BPD alone kill both cell lines to equivalent degrees across
all light doses tested. Results from this work provide fundamental implications for the
combination of photoimmunotherapy (PIT) and PARP inhibition in the context of
drug-resistant ovarian cancer.

5.2 Materials and Methods

5.2.1 Synthesis of Photoimmunoconjugates

PIC synthesis was performed as previously described [327]. First, 10 kDa methoxy
PEG succinimidyl carboxymethyl ester (mPEG-NHS; JenKem Technology) was
added dropwise to Cet at a 3:1 molar ratio and reacted overnight under continuous
stirring. Next, BPD N-hydroxysuccinimidyl ester (BPD-NHS) and azide-PEG4-N-
hydroxysuccinimidyl ester (azide-PEG-NHS; Thermo Scientific) were added to the
reaction to a final ratio of 9 and 2.5 moles per 1 mole Cet, respectively. After another
20 hours of stirring, the mixture was purified using a 30 kDa Zeba spin desalting
column (7 kDa MWCO; Thermo Scientific) and concentrated using an Amicon

centrifugal filter unit (30 kDa MWCO, Millipore Sigma). Final Cet concentration was
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determined by Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific), and final

BPD concentration was determined by UV-vis spectroscopy.

5.2.2 Synthesis of PIC-Functionalized Polymeric Nanoparticles

For talazoparib-loaded nanoparticles (NP-Tal), synthesis parameters were initially
varied for protocol optimization (Table 5.1). PLGA-PEG-COOH and PLGA-PEG-
DBCO were obtained from PolySciTech, and talazoparib (Tal) was obtained from
MedChemExpress. Polymer was first co-dissolved with talazoparib in 1 mL of
acetone, then added to 10 mL of ultrapure water (Invitrogen) containing 0.1%
Pluronic F-68 (Gibco). The solution was sonicated with a probe sonicator for 3
minutes and acetone was evaporated at room temperature for 4-6 hours under
continuous stirring at 400 rpm. The obtained NP-Tal were filtered through 0.22 um
syringe filter units (Millipore) and concentrated in an Amicon centrifugal filter unit
(30 kDa MWCO, Millipore Sigma). Next, PIC was conjugated to the DBCO-
containing nanoparticles through copper-free click chemistry. For conjugation, PIC
and nanoparticles were mixed overnight at volume ratios of 0.5:1, 1:1, 2:1, and 3:1,
then purified via Sepharose CL-4B size exclusion chromatography.

Table 5.1: Varying parameters in nanoparticle formulation

Parameter Values
PLGA-PEG-COOH (mg) 10.7,21.4,42.8, 85.6

Tal (mg) 0,0.107,0.535, 1.07, 2.675
PLGA-PEG-DBCO/total polymer (%) | 0, 25, 50, 100

5.2.3 Photophysical and Photochemical Nanoparticle Characterization
Talazoparib concentration was determined using a fluorescence-based standard curve

(ex/em; 312/416 nm, Synergy neo2, Biotek). BPD concentration was calculated
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similarly (ex/em; 435/700nm). Loading capacity (%) was calculated as the mass of
polymer divided by the mass of loaded talazoparib. The talazoparib encapsulation
efficiency (%) was calculated as the ratio of nanoparticle-loaded talazoparib to the
initial talazoparib added to the nanoparticle synthesis reaction. Talazoparib retention
(%) was calculated as the ratio of talazoparib after and before PIC conjugation. PIC
conjugation efficiency (%) was determined by calculating the ratio of BPD loaded
onto the nanoparticle to the initial BPD added to the conjugation reaction. PIC per
nanoparticle was calculated by first determining molecules of PIC using Pierce™
BCA Protein Assay Kit (ThermoFisher Scientific), then dividing by the number of
nanoparticles as determined by NanoSight LM10 (Malvern Instruments). Talazoparib
per nanoparticle was calculated as molecules of talazoparib divided by number of
nanoparticles. Nanoparticle size, Pdl, and zeta potential were determined using the
Nanobrook Omni (Brookhaven Instruments). To quantify photoactivity, compounds
were dissolved in PBS or DMSO, then fluorescence emission was collected upon
light-activation at 435 nm. Maximum fluorescence emission in PBS was divided by
maximum fluorescence emission in DMSO for photoactivity values. Singlet oxygen
generation was determined using the Singlet Oxygen Sensor Green (SOSG) probe
(Invitrogen). Selectivity and uptake studies of PIC versus PIC-NP-Tal were
performed with OVCAR8 (EGFR+) and J774 (EGFR-) cells. First, 300,000 cells
were plated and incubated overnight. Next, dishes were treated with 1 pM PIC or
PIC-NP-Tal for 30 minutes. Cells were lysed using radioimmunoprecipitation assay

buffer, then BPD fluorescence was measured at ex/em 435/700 nm.

120



5.2.4 3D Ovarian Cancer Coculture System Development and Treatment Regimen

High grade serous ovarian cancer cell lines OVCAR8-DsRed2 and NCI/ADR-RES-
EGFP were obtained courtesy of Dr. Michael M. Gottesman (National Cancer
Institute, National Institutes of Health). Both cell lines were cultured in RPMI-1640
medium (Corning) supplemented with 10% fetal bovine serum (Gibco), 100 U/mL
penicillin and 100 pg/mL streptomycin (Corning). Every four passages, media was
supplemented with G418 (Invitrogen) at 500 pug/mL (OVCARS-DsRed2) or 200
pug/mL (NCI-ADR-RES-EGFP). The growth dynamics of these cell lines on 2D
substrates was described previously by our group [396]. In the present study, 3D
spheroidal cocultures were generated by plating equal numbers of OVCARS8-DsRed2
and NCI/ADR-RES-EGFP to a final cell number of 1,000, 2,000, or 5,000 cells per
well in ultra-low-attachment, round bottom 96 well plates (PerkinElmer). The
Lionheart FX Automated Microscope (Biotek) was used for imaging 4 hours after
plating, 24 hours after plating, and then every two days up to day 12. For treatment
evaluation, 2,000 cells (1,000 of each cell line) were treated on day 4 for 24 hours
prior to light activation (690 nm, Modulight, Inc.) on day 5. Longitudinal imaging
was conducted as described above, and final cell viability analysis was conducted on
day 12 using the CellTiter-Glo® Cell Viability Assay (Promega). Total killing
controls were achieved by treating spheroids on day 12 with 5% bleach for four hours

prior to viability analysis.

5.2.5 Statistical Analysis
GraphPad Prism version 9.0.2 was used for statistical analysis. All data shown were

collected at least in triplicate and plotted as mean + standard error of the mean.
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Details regarding statistical testing are elaborated in figure captions, and statistical

significance was determined as P < 0.05.

5.3 Results
5.3.1 Development of Talazoparib-Loaded Polymeric Nanoparticles

NP-Tal were prepared by nanoprecipitation methods, where acetone and
ultrapure water were used for the organic and aqueous phase, respectively (Figure
5.1a). A representative TEM image of the NP-Tal is shown in Figure S.1b. The
development of nanoparticle synthesis optimization began with varying the initial
amount of talazoparib added to the reaction (Figure 5.1c-g; Figure 5.2). For these
studies, the amount of polymer (PLGA-PEG-COOH) added to the reaction was fixed
at 10.7 mg. Tested masses of talazoparib included 0, 0.107, 0.535, 1.070, and 2.675
mg. The loading capacity was first measured (Figure 5.1¢). Loading capacity initially
increases, then plateaus, where a maximum is reached at 0.535 mg. This is further
shown by encapsulation efficiency data (Figure 5.1d), calculated as the percent of
initially added talazoparib that is successfully encapsulated in the nanoparticles.
Encapsulation efficiency is consistently at ~3% when 0.107 and 0.535 mg are added
(p < 0.01), then decreases at higher values. NP-Tal are ~15 nm larger than empty
nanoparticles (Figure 5.1e), and sizes remain stable across formulations for up to 24
weeks (Figure 5.2a). PdI of all formulations was initially below 0.16 (Figure 5.1f)
and remained stable at or below 0.21 for up to 24 weeks (Figure 5.2b). Zeta
potentials (Figure 5.1g) remain relatively consistent across batches. For subsequent
reactions, 0.535 mg was set as the talazoparib mass due to maximum loading being

reached.
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Next, the mass of PLGA-PEG-COOH added in the nanoparticle synthesis
reaction was varied (Figure 5.1h-1). The initial mass of talazoparib was fixed at 0.535
mg, and polymer was added at 10.7, 21.4, 42.8 or 85.6 mg. No significant changes in
loading capacity were calculated (Figure S.1h), encapsulation efficiency increased
with increasing polymer mass (Figure 5.1i), and size increased significantly for
nanoparticles made with 42.8 and 85.6 mg polymer (Figure 5.1j). Up to 24 weeks,
size of all groups remained stable (Figure 5.3a). The PdI remained relatively
consistent (~0.16) at 10.7, 21.4, 42.8 mg polymer but increased significantly at 85.6
mg polymer to 0.22 (p < 0.01) (Figure 5.1k). PdI for all groups remained consistent
for up to 24 weeks (Figure 5.3b). Zeta potential remained relatively consistent across
formulations (Figure 5.11). Based on these results, 42.8 mg polymer was selected as
the optimal mass of polymer due to the significant increase in PdI at 85.6 mg.

In order to later ‘click’ azide-functionalized photoimmunoconjugates (PIC)
onto the nanoparticle, PLGA-PEG-DBCO was incorporated into the formulation.
PLGA-PEG-DBCO was mixed with PLGA-PEG-COOH to a final total polymer mass
of 42.8 mg, and the relative mass of PLGA-PEG-DBCO was varied from 0, 25, 50,
and 100% (Figure S.1m-q). The talazoparib loading capacity and encapsulation
efficiency remained relatively consistent with increasing mass of PLGA-PEG-DBCO
(Figure 5.1m-n). In contrast, size, Pdl, and zeta potential increased significantly
when nanoparticles were prepared with 100% PLGA-PEG-DBCO (Figure 5.10-q).
Size and PdI remained stable across 24 weeks for groups where the mass percent of
PLGA-PEG-DBCO was below 100% (Figure 5.4a-b). However, for 100% PLGA-

PEG-DBCO nanoparticles, after 24 weeks, size decreased from ~300 nm to below
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200 nm, and PdI decreased from ~0.3 to 0.22. Due to the instability and high PdI of
100% PLGA-PEG-DBCO, the 50% PLGA-PEG-DBCO condition was selected for

subsequent experiments.
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Figure 5.1: Schematic and characterization of talazoparib-loaded nanoparticles

NP-Tal is prepared by co-dissolution of polymers and talazoparib in acetone, which is
added into surfactant-containing water. The mixture is sonicated and solvent is
evaporated under constant spinning for 4-6 hours, then nanoparticles are concentrated
using 30 kDa MWCO centrifugal filter (a). Representative TEM images are shown
(b). Scale bar: 250 um. During optimization procedures, initial talazoparib (mg) was
varied (c-g) and initial PLGA-PEG-COOH (mg) was varied (h-1). (m-q) Next PLGA-
PEG-DBCO was mixed in with PLGA-PEG-COOH at varying amounts from 0-100%
where total polymer mass remained fixed at 42.8 mg. The characterized parameters
include loading capacity (%), encapsulation efficiency (%), size (nm), polydispersity
index, and zeta potential. * p <0.05; ** p <0.01; *** p <0.001, **** p <0.0001.

a 40 b
%0 -~ OmgTal
30 ;-
o = - 0.
g =01 0.107 mg Tal
g 20 g ~& 0.535mg Tal
» @ 0.
10 % ¥~ 1.07mgTal
S 0.2

=
o
=}

T T 1
12 20 24

Week

(=]
e
0o

T T
16 20

o
Do
@

12
Week

24

Figure 5.2: Stability of nanoparticles with varying initial talazoparib amounts

Polymeric nanoparticles were prepared with 10.7 mg PLGA-PEG-COOH and 0,
0.107, 0.535, or 1.07 mg of talazoparib. Particle size (a) and PdI (b) were tracked
longitudinally for up to 24 weeks. All datapoints are representative of three
nanoparticle batches.
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Figure 5.3: Stability of nanoparticles with varying initial PLGA-PEG-COOH
amounts

Polymeric nanoparticles were prepared with 0.535 mg of talazoparib and varied
amounts of PLGA-PEG-COOH from 10.7 to 85.6 mg. Particle size (a) and PdI (b)
were tracked longitudinally for up to 24 weeks. All datapoints are representative of
three nanoparticle batches.
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Figure 5.4: Stability of nanoparticles with varying PLGA-PEG-DBCO/total polymer
percentages

Polymeric nanoparticles were prepared with 0.535 mg of talazoparib and 42.8 total
mg polymer. The polymer component was either PLGA-PEG-COOH, PLGA-PEG-
DBCO, or a mixture. Particle size (a) and PdI (b) were tracked longitudinally for up
to 24 weeks. All datapoints are representative of three nanoparticle batches.

5.3.2 Optimization and Characterization of PIC-Conjugated Nanoparticles

Azide-functionalized PICs composed of Cet and BPD were ‘clicked’ onto the surface
of DBCO-functionalized nanoparticles (Figure 5.5a-b). PICs were first prepared
using carbodiimide chemistry at a 4:1 final BPD:Cet ratio. Next, 100 pL of
nanoparticles were reacted overnight with PIC at varying volumes (50, 100, 200, 300
uL) resulting in volume ratios of 0.5:1, 1:1. 2:1, and 3:1 (PIC:NP). PIC-conjugated
nanoparticles (PIC-NP) were purified by size exclusion chromatography and
characterized for size, PIC conjugation efficiency (based on BPD concentration), and
PIC per nanoparticle (Figure 5.5¢-e). Dynamic light scattering data revealed that PIC
conjugation to nanoparticles increased particle diameter by ~10 nm (Figure 5.5c¢).
PIC conjugation efficiency (amount of photosensitizer conjugated to the nanoparticle
relative to the amount added to the synthesis reaction) increased with higher PIC:NP
reaction volume ratios, reaching a plateau at the 2:1 volume ratio around ~32%
(Figure 5.5d). Next, the number of PICs per nanoparticle was calculated, revealing a

range from ~30-330 PIC/NP at varying reaction volumes (Figure 5.5e). Due to the
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plateau in reaction efficiency occurring at a 2:1 PIC:NP volume ratio, this condition
was selected for subsequent studies. Stability of PIC-NP and PIC-NP-Tal in size and

PdI was confirmed for up to 12 weeks (Figure 5.6).

PIC-NP-Tal was next prepared and characterized (Figure 5.5f-k, Table 5.2).
Absorbance spectra were recorded (Figure 5.5f-g), demonstrating that all BPD-
containing agents (BPD, PIC, PIC-NP, PIC-NP-Tal) have the characteristic BPD
absorbance peaks at ~435 nm and ~700 nm. Tal-containing formulations show
characteristic absorbance peaks at ~312 nm. Next, quenching in aqueous solution was
evaluated by comparing absorbance at 690 nm in PBS (quenched) versus DMSO
(unquenched) (Figure 5.5h). BPD, PIC, PIC-NP, and PIC-NP-Tal all exhibit
quenching, shown as significant reductions (~20-50%) in absorbance in PBS
compared to DMSO. Free BPD and PIC show low photoactivity (<7%) due to
quenching in aqueous solution, whereas the photoactivity of PIC-NP and PIC-NP-Tal
is significantly higher, at 42% and 33%, respectively (Figure 5.5i). In Figure 5.5j,
singlet oxygen generation based on SOSG fluorescence signal is shown. Compared to
BPD, PIC-NP and PIC-NP-Tal show significantly higher fluorescence emission

intensity (P < 0.01), representing elevated singlet oxygen yield.

EGFR-dependent uptake was next evaluated by treating EGFR-negative J774 cells
and EGFR-positive OVCARS cells with PIC or PIC-NP-Tal for 30 minutes, then
collecting cells and quantifying internalized BPD (Figure 5.5k). PIC uptake by

OVCARS cells was significantly (P < 0.01) greater than PIC uptake by J774 cells
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with a 3.5-fold increase in photosensitizer uptake, demonstrating EGFR-enhanced
uptake. For PIC-NP-Tal, uptake by OVCARS cells was over double that of J774 (P <

0.05).
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Figure 5.5: Optimization and characterization of PIC-conjugated nanoparticles.

Azide-functionalized photoimmunoconjugates were conjugated to DBCO-containing
nanoparticles via copper-free click chemistry (a) and visualized by cryoEM (b). Scale
bar: 500 pm. Volume ratio of PIC:NP was varied and changes in size (¢), PIC
conjugation efficiency (d), and number of PICs per nanoparticle (e) were
characterized. Data in c-e are representative of three individual nanoparticle batches.
The absorbance spectra are shown for BPD-containing formulations (f) and
talazoparib-containing formulations (g) from 300-800 nm in DMSO. Next,
comparison of 690 nm absorbance was performed in DMSO versus PBS (h).
Photoactivity was evaluated, as described in Materials & Methods, for BPD, PIC,
PIC-NP, and PIC-NP-Tal (i). Singlet oxygen was next quantified using SOSG
(Invitrogen) (j). For studies h-j, data is representative of three individual nanoparticle
batches. Uptake of 1 pM PIC versus 1 uM PIC-NP-Tal in EGFR-negative J774 cells
compared to EGFR-positive OVCARS cells after 30 minute incubation (k). Data is
normalized to J774 uptake of PIC. This data is representative of three 35-mm dishes.
*p<0.05; ** p<0.01; *** p <0.001; **** p <0.0001.
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Figure 5.6: Stability of PIC-conjugated nanoparticles.

Polymeric nanoparticles were functionalized with PIC to establish PIC-NP and PIC-
NP-Tal formulations. Both formulations were tracked for 12 weeks and particle size
and Pdl were recorded. All datapoints are representative of three nanoparticle
batches.

Nanoparticle properties are summarized in Table 5.2. Empty nanoparticles (NP) are
~140 nm, whereas talazoparib loaded nanoparticles (NP-Tal) are ~126 nm. This
difference in size is not statistically significant (P = 0.30), and upon PIC conjugation,
both nanoparticles increase in size by 5-7 nm. PdI for empty and talazoparib-loaded
nanoparticles is around ~0.18, whereas PIC conjugated nanoparticles have PdI just
under 0.20. For all formulations, zeta potential is consistently around -7 mV.
Talazoparib loading into nanoparticles was determined as 8.5%, and molecules of
talazoparib per nanoparticle were calculated as 5295.1 and 2104.4 for NP-Tal and
PIC-NP-Tal, respectively. PIC conjugation efficiency is ~30% for PIC-NP and PIC-

NP-Tal and the number of PIC per nanoparticle is consistent between both

formulations at ~115 PIC/NP.

Table 5.2: Characterization of nanoparticle physical properties and drug loading.

Talazoparib loading efficiency is defined as the moles of talazoparib loaded into the
nanoparticle divided by the moles of talazoparib added to the nanoparticle synthesis
reaction. # talazoparib per NP is defined as the molecules of talazoparib divided by
the number of nanoparticles. PIC conjugation efficiency is defined as the moles of
BPD conjugated to the nanoparticle divided by the moles of BPD added to the initial
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conjugation reaction. # PIC per NP is defined as the molecules of PIC (based on
antibody) divided by the number of nanoparticles. Each datapoint is representative of
at least four individual nanoparticle batches.

Size (d. nm) ydispersity Index | Zeta ial (mV) | T: ib Loading Efficiency (%) | # T: ib per NP| PIC Conjugation Efficiency (%) | # PIC per NP
Mean Mean Mean Mean Mean Mean Mean

NP 139.5 #3.2 ]0.181 +0.002 -7.3+1.0 N/A N/A N/A N/A

PIC-NP 146.3 2.5 ]0.199 +0.006 -6.7 1.9 N/A N/A 32.0%19 119.9 £19.7

NP-Tal 126.4 9.3 ]0.179 +0.008 -6.6+0.5 8.5 +1.5 5295.1 +706.6 N/A N/A

PIC-NP-Tal |131.7 +3.7 |0.197 +0.006 -7.5 0.9 N/A 2104.4 £578.9 30.2+1.0 108.1 £24.5

5.3.3 Development of 3-Dimensional Ovarian Cancer Coculture Model

A 3D coculture model of a parental (OVCAR8-DsRed2) and a chemo-resistant
subline (NCI/ADR-RES-EGFP) was developed by seeding 1,000, 2,000, or 5,000
cells at a 1:1 ratio in ultra-low attachment round bottom plates and tracking
fluorescence over the course of 12 days (Figure 5.7a-c¢). Representative longitudinal
images of spheroids with a 2000 cell seeding density are shown in Figure 5.7d. The
parental OVCARS-DsRed2 cells grew drastically faster than NCI/ADR-RES-EGFP at
all seeding densities, reaching 48-, 58-, and 215-fold increases in RFU by day 12 in
5000, 2000, and 1000 cell seeding densities, respectively. NCI/ADR-RES-EGFP
cells, in contrast reach 1-, 2-, and 6-fold increases in growth by day 12 for 5,000,
2,000, and 1,000 seeding density groups. The growth ratios of OVCARS-
DsRed2:NCI/ADR-RES-EGFP were calculated as the fold change in OVCARS-
DsRed2 RFU relative to day 1 divided by the fold change in NCI/ADR-RES-EGFP
RFU relative to day 1 (Figure 5.7e). Across all starting seeding densities, this ratio
remained relatively consistent over the course of the experiment, with day 12 values
at 40, 25, and 41 at 1,000, 2,000, and 5,000 densities, respectively (P > 0.4).
Fluorescence-based viability tracking was next validated by preparing a total killing
control (5% bleach, 4 hours) and comparing fluorescence emission intensity values

with an ATP-based cell viability assay (CellTiter-Glo® Cell Viability Assay) (Figure
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5.7f-g). Fluorescence intensity of OVCARS8-DsRed2 and NCI/ADR-RES-EGFP
decreased significantly for total killing controls to 13% and 28%, respectively. In
contrast, the ATP-based assay showed reductions in viability down to <1%. The
residual fluorescence values for total killing controls are likely resulting from auto-

fluorescent contributions. Representative images of total killing controls are shown in

Figure 5.7h.
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Figure 5.7: Optimization of 3D coculture model.

OVCARS-DsRed2 and NCI/ADR-RES-EGFP cells were plated at a 1:1 ratio to final
seeding cell densities of 1,000-5,000. Fluorescence signal from cells was recorded up
to 12 days and plotted as fold change from day 1 for 1000 (a), 2000 (b), and 5000 (c)
cell seeding densities. Representative longitudinal imaging for spheroids with 2000
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seeded cells are shown (d). Next, fold change in OVCAR8-DsRed2 fluorescence was
divided by fold change in NCI/ADR-RES-EGFP fluorescence to get the cell growth
ratio €. Total killing controls (5% bleach) were included, and viability is plotted as a
function of fluorescence (f) and CellTiter-Glo® Cell Viability Assay (g).
Representative images of total killing controls are shown (h). Scale bar = 1000 um. *
p < 0.05; ** p < 0.01; *** p < 0.001; **** p < (0.0001. All data shown are
representative of at least 6 individual spheroids.

5.3.4 Comparative Dosage Analysis of NP-Tal in Ovarian Cancer 3D Cocultures

Next, treatment effect of NP-Tal in spheroids (2,000 cell seeding density) was
evaluated using concentrations from 0.01 to 3 puM (Figure 5.8. On day 4, when
spheroids were fully established, they were treated with varying doses of NP-Tal until
day 12. Images were taken longitudinally, and the fluorescence emission intensity of
each spheroid was normalized to the untreated spheroid on each respective day to
determine viability (Figure 5.8a-f). Representative images of spheroids on day 12 are
shown (Figure 5.8g). Results at the lower NP-Tal doses (0.01 — 0.11 uM)
demonstrate a decrease in viability for the parental cell line whereas the resistant
subline was spared (Figure 5.8a-c). On the other hand, higher doses (0.33 — 3 uM)
killed both parental and subline cells to a similar degree (Figure 5.8d-f). Figure 5.9a-
b shows fluorescence-based viability analysis of OVACRS8-DsRed2 cells and
NCI/ADR-RES-EGFP cells, revealing decreases in viability with increasing NP-Tal
dosing. On day 12, 3 puM treatment resulted in ~14% and ~25% viability for
OVACRS-DsRed2 cells and NCI/ADR-RES-EGFP cells, respectively. Next, growth
curves were calculated based on changes in fluorescence relative to day 1 for each
cell line (Supplementary Figure 5.9c¢c-d). Untreated cells show day 12 growth
increases at 58-fold and 2-fold for OVACRS-DsRed2 cells and NCI/ADR-RES-

EGFP cells, respectively. Increasing NP-Tal dosage caused decreasing fold changes
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in growth, with day 12 values at 8-fold and 0.6-fold for OVCARS8-DsRed2 cells and
NCI/ADR-RES-EGFP cells, respectively, with 3 uM treatment. Dose-dependent
effects of NP-Tal are shown in Supplementary Figure 5.10a-b using fluorescence-
based and ATP-based viability assays. Fluorescence-based data shows a rightward
shift of the NCI/ADR-RES-EGFP cells, representing increased resistance to NP-Tal

relative to the parental OVCARS8-DsRed22 cell line.
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Figure 5.8: Spheroid toxicity analysis of NP-Tal at varying doses.

Spheroids composed of OVCARS8-DsRed2 cells and NCI/ADR-RES-EGFP cells
were treated with NP-Tal at varying doses three days after seeding. Fluorescence was
recorded up to 12 days, and intensity values for each cell line were normalized to the
untreated spheroids to calculate cell viability. Longitudinal viability for parental and
subline cells are shown from days 1-12 for NP-Tal doses at 0.01 uM (a), 0.04 uM (b),
0.11 uM (c¢), 0.33 uM (d) 1 uM (e), and 3 uM (f). Representative images of spheroids
on day 12 at each treatment dose are shown (g). Scale bar = 1000 um. * p < 0.05; **
p <0.01; *** p < 0.001, **** p < 0.0001. All datapoints are representative of 11
individual spheroids.
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Figure 5.9: Longitudinal spheroid viability and growth tracking.

Coculture spheroids were treated with NP-Tal up to 3 uM and imaged on days 1, 2, 4,
6, 8, 10, and 12. Fluorescence values were normalized to untreated cells on each
respective day to quantify viability for OVCARS8-DsRed cells (a) and NCI/ADR-
RES-EGFP cells (b). Growth dynamic of the parental cells (a) and subline (b) are
calculated as the fold-change in RFU relative to day 1. All datapoints are
representative of 11 individual spheroids.

[0]
[&]
c
1.00 ~o- OVCAR8-DsRed2 g 100
2 o}
= 075 —+ NCI/ADR-Res-EGFP g 0.75-
Y =]
S |
% 0.50 be l I - 0.50 >
S 8
0.254 g 0.254
0.00 T T | 0.00 T T 1
0 1 2 3 0 1 2 3
NP-Tal (uM) NP-Tal (uM)

Figure 5.10: Day 12 spheroid viability curves.

On day 12 after seeding, spheroids treated with varying doses of NP-Tal were
characterized for viability based on fluorescence of each cell line (a) and
luminescence in the CellTiter-Glo® Cell Viability Assay (b). All datapoints are
representative of at least 6 individual spheroids.
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5.3.5 Treatment Outcomes in Coculture Spheroids

PIC-NP-Tal and monotherapy controls were next tested in the 3D coculture model
(Figure 5.11). Luminescence-based viability analysis in Figure S.11a shows that
there are light-dose dependent effects of BPD, PIC, BPD mixed with NP-Tal
(BPD+NP-Tal), and PIC mixed with NP-Tal (PIC+NP-Tal). In contrast, there were
no significant light-dose dependent toxicities for the no treatment (NT), NP-Tal, and
PIC-NP-Tal groups. Analysis of treatment groups within light doses is shown in
Figures S5.11b-d. At all light doses, PIC-NP-Tal does not induce significant
reductions in viability. In contrast, when PIC and NP-Tal are mixed as an
unconjugated pair (PIC+NP-Tal), spheroid viability is reduced to 84% (P < 0.05),
53% (P < 0.0001), and 17% (P < 0.0001) at 0, 20, and 50 J/cm?. Notably, at 20 J/cm?,
PIC+NP-Tal significantly outperforms PIC and NP-Tal alone. BPD alone, PIC alone,
and BPD+NP-Tal caused significant reductions in viability at 20 and 50 J/cm?, and
PIC+NP-Tal significantly outperformed PIC-NP-Tal at 20 and 50 J/cm?. Next,
parental and subline fluorescence intensities were normalized to untreated spheroids
and plotted in Figure 5.11 e-j. NP-Tal and BPD did not cause significant differences
in viability between cell lines across all light doses, demonstrating a lack of selection
pressures for either cell line. Interestingly, BPD+NP-Tal does select for
chemoresistance, as determined by significantly higher viability of the NCI/ADR-
RES-EGFP line compared to the OVCARS8-DsRed? line at 0 and 20 J/cm?. PIC alone,
PIC+NP-Tal, and PIC-NP-Tal induce selection pressures towards drug resistance at

20 and 50 J/cm?, but not at 0 J/cm?.

137



B NT

5; Bl NP-Tal
g1 B\ BPD
s = PiC
8 [ BPD+NP-Tal
3
5 B PIC+NP-Tal
B PIC-NP-Tal
02050 02050 02050 02050 02050 02050 0 2050
Light Dose (J/cm?)
b 20 Jiem? 50 Jiem?
c d
g g g "
g £ 2 ns
E g 37 ns
S 2 >
3 § ] -
i 50
& & © @ & « & & O 0 @ P <
@ O 0 @ @ @ <@ O 8 @ @
\\\g. & < L& TR x‘g ,“‘Qo,\"'
2 P
&L PP & €&
@ OVCAR8-DsRed2
M NCVADR-RES-EGFP
€ NP-Tal f BPD g PIC
150- 150- 150
g g g i
z 100 - ‘ z 10 z 100 !
8 ° 3
. . £ o " .
3 3 50
3 3 . 8 . '!]
B °
t T T T T 1 t T T T T 1 t T T T T )
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Light Dose J/iem? Light Dose Jicm? Light Dose Jiem?
h BPD+NP-Tal i PIC+NP-Tal j PIC-NP-Tal
150 150 150
€ 100 € 100 g 100 : B
£ - z I 2z e :
3 3 » i -
: =7 s : - : ’
3 ° H 3 % . 3 % o 3
o ° ]....
T T T T T J 0+ T T T T 1 T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Light Dose J/em? Light Dose J/em? Light Dose J/em?

Figure 5.11: Treatment of 3D Cocultures with PIC-NP-Tal:

Spheroid cocultures of OVCARS8-DsRed2 and NCI/ADR-RES-EGFP cells were
treated with PIC-NP-Tal or relevant controls three days after seeding. Light-
activation was performed at 0 (dark control), 20, or 50 J/cm?. Viability analysis using
the CellTiter-Glo® Cell Viability Assay was performed, where luminescence values
were normalized to the no treatment (NT) O J/cm? control (a). Normalized
luminescence is further analyzed within light doses for 0 (b), 20 (¢), and 50 J/cm? (d).
Fluorescence-based viability of each cell line, normalized to untreated spheroids, is
shown at each light dose for NP-Tal (e), BPD (f), PIC (g), BPD+NP-Tal (h),
PIC+NP-Tal (i), and PIC-NP-Tal (j). * p < 0.05; ** p < 0.01; *** p <0.001; **** p <
0.0001. All datapoints are representative of at least five spheroids.
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5.4 Discussion

PARP inhibition has emerged in recent years as a powerhouse chemotherapy
for numerous malignancies. In the clinic, PARP inhibitors are used to treat a growing
list of indications that currently includes ovarian, breast, pancreatic, prostate,
fallopian, and primary peritoneal cancers. Of the currently FDA-approved PARP
inhibitors, studies show that talazoparib has the lowest ICso and greatest PARP
trapping capabilities. However, talazoparib is also the most toxic, with at least 300-
fold lower maximum tolerated dose compared to the other clinically-prescribed PARP
inhibitors. Nanoengineering approaches have emerged as a promising strategy to
overcome this obstacle and strengthen PARP inhibition as an anti-cancer modality
[407-409].

The nanoengineering approach in this study is unique in that it combines
talazoparib with photoimmunotherapy to achieve codelivery of PDT and PARP
inhibition within a targeted formulation. Work by Spring et al. has demonstrated the
capabilities of photoimmunotherapy for ovarian cancer treatment in vivo [277]. They
showed that anti-EGFR photoimmunoconjugates composed of Cet and BPD could
selectively accumulate in ovarian cancer metastases, enabling precise imaging and
treatment. We have previously shown that photoimmunotherapy-functionalized
nanoparticles promote enhanced photosensitizer delivery [236] and possess
combination-treatment capabilities through co-encapsulation of additional therapeutic
entities [327]. Additionally, the clinical relevance of photoimmunotherapy-based anti-
cancer approaches has recently been elevated with the clinical use of Cet-IR700

conjugates for the treatment of head and neck cancer in Japan [410].
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The present study combines two clinically relevant modalities,
photoimmunotherapy and PARP inhibition, in a targeted polymeric nanoparticle for
the treatment of ovarian cancer spheroids. First, the nanoformulation was optimized
through modulating various synthesis parameters including talazoparib mass, polymer
mass, and ratio of two polymers (PLGA-PEG-COOH and PLGA-PEG-DBCO)
(Table 5.1, Figure 5.1). The optimized formulation was then functionalized with
photoimmunoconjugates via copper-free click chemistry for targeting and
photoactivity capabilities (Figure 5.5). Consistent with previous work, the final
formulation (PIC-NP-Tal) retained the 690 nm Q-band of BPD for light activation
and showed superior singlet oxygen generation compared to free BPD [236,327]. Like
PIC, PIC-NP-Tal also demonstrated selectivity for EGFR-expressing cells.
Importantly, uptake of PIC-NP-Tal by EGFR-expressing cells was greater than
uptake of PIC alone by 45%, demonstrating our previously described “carrier effect”
phenomenon in 2-dimensional cultures.

In parallel, we developed a novel fluorescent 3D coculture system of the
parental OVCARS8-DsRed2 cells and the drug resistant subline, NCI/ADR-RES-
EGFP (Figure 5.7). In a previous study, these cell lines were cocultured on 2D
substrate, leading to rapid domination of the parental subline [396]. For example, after
7 days, the parental line outnumbered the subline by nearly 5-fold, and by 14 days
this difference increased to ~20-fold. Similarly, in 3D growth conditions, the parental
cell line rapidly outgrows the chemo-resistant subline, and this trend is consistent
when cells are plated at varying seeding densities (1000, 2000, 5000 cells per well).

Spheroids with lower seeding densities showed greater increases in cellular
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fluorescence compared to spheroids plated at higher seeding densities, representative
of greater spheroid growth (Figure 5.7a-c). For example, at the 1000 cell seeding
density, the fluorescence emission intensity of OVCARS8-DsRed2 and NCI/ADR-
Res-EGFP increased by 215-fold and 6-fold relative to day 1, respectively. In
contrast, at the 5000 cell seeding density, OVCARS8-DsRed2 and NCI/ADR-RES-
EGFP cell fluorescence changed by 48-fold and 1-fold. However, regardless of
seeding density, the parental-to-subline growth ratio remains remarkably consistent
throughout the study (Figure 5.7e).

We next established dose-response studies of NP-Tal in the spheroid coculture
model to evaluate the role of talazoparib dose in spheroid evolution (Figure 5.8). On
the lower dose range, the NCI/ADR-RES-EGFP cell line is spared throughout the
study, while the parental OVCARS8-DsRed2 line succumbs to the treatment. In
contrast, higher doses kill both cell lines to equivalent degrees. This demonstrates a
trend towards acquired chemoresistance where sublethal treatment is applied, a
phenomenon consistently observed in prior studies [411]. Next, the PIC-NP-Tal
nanocomplex is tested in the 3D coculture model (Figure 5.11). PIC mixed with NP-
Tal significantly outperformed the nanocomplex (PIC-NP-Tal) in spheroid killing at
20 and 50 J/cm?, though both treatments drove chemoresistance. Similarly, treatment
with PIC alone and BPD+NP-Tal both drove chemoresistance. In contrast, NP-Tal
and BPD as monotherapies were the only groups to kill both the parental and resistant
subline to equivalent degrees across all light doses, thereby avoiding domination of

the chemo-resistant subline.
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5.5 Conclusion

Photoimmunotherapy and PARP inhibition are clinically relevant cancer treatment
modalities with synergistic potential. In this study, these modalities are combined to
achieve a novel nanocomplex for codelivery of Cet-BPD PICs and talazoparib. First,
formulation parameters were optimized to establish a polymeric nanoparticle loaded
with talazoparib with capabilities for click chemistry to attach PIC. The PIC-to-
nanoparticle reaction ratio was next optimized, and the formulation was thoroughly
characterized for photochemical and biological properties. In parallel, a 3D model of
ovarian cancer with fluorescently labeled chemo-sensitive (OVCARS8-DsRed2) and
chemo-resistant (NCI/ADR-RES-EGFP) subpopulations was developed and tracked
up to 12 days. Treatment of spheroids with varying doses of NP-Tal revealed that
lower doses induce selection pressures in favor of the chemo-resistant subline,
whereas higher doses are similarly cytotoxic to both cell lines. Evaluation of PIC-NP-
Tal in the 3D spheroid model revealed inferior therapeutic effects compared to co-
treatment of PIC and NP-Tal. Additionally, PIC, BPD+NP-Tal, PIC+NP-Tal, and
PIC-NP-Tal all drove chemoresistance, whereas NP-Tal and BPD as monotherapies
did not. Overall, these data provide new insights into combinational therapies in the
context of 3D spheroids, indicating that conjugation of multiple therapeutic entities
may not always outperform the unconjugated combination. Results from this study
also indicate that while combinational therapies may enhance total cell killing
compared to monotherapies, they may also drive chemoresistance, reinforcing the

fundamental importance of preclinical models of multidrug resistance.
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Chapter 6: Future Directions and Outlook

6.1 Combination of PDT and EP4 Inhibition in Anti-Tumor Immune Response

Results from Chapter 3 establish that photochemistry can be effectively paired
with EP4 inhibition to attenuate metastasis-related behaviors and protein expression
in ovarian cancer cells. One important aspect that can be further exploited is the role
of the PDT/EP4i combination in the anti-tumor immune response. This line of
investigation could shed light on powerful synergistic effects between PDT and EP4i.
One of the fundamental benefits of PDT for cancer treatment is the recruitment and
activation of immune cells to the tumor site. This occurs through multiple
mechanisms, including generation of damage-associated molecular patterns,
activation of antigen presenting cells, and vascular permeabilization for entry of
inflammatory cells [412].

However, part of the physiological PDT response is the activation of the
PGE2/COX-2 pathway [349-351], which has a well-established role in cancer initiation
and progression [413]. Therefore, COX-2 inhibitors have been strategically coupled
with PDT to overcome PDT-mediated PGE2/COX-2 activation [349-351]. Despite this
promising therapeutic strategy, COX-2 inhibition has had limited clinical success due
to hematologic risks (e.g., leukopenia, thrombocytopenia, anemia) and
cardiovascular toxicities [414-416]. In contrast, EP4 inhibitors have been posed as an
alternative to COX-2 inhibitors that might provide similar therapeutic benefits while
sparing cardiovascular toxicities [286]. Thus, combinations of EP4 inhibitors with
PDT may enhance therapeutic effect through the blockade of the PGE2/COX-2

pathway without involving critical risks to cardiovascular health. The PDT-EP4i
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combinational effects on anti-tumor immune response can be explored through
various perspectives, including 1) direct effects on cancer cells and immune cells in
coculture or in vivo, 2) establishment of anti-tumor immunologic memory, 3)

abscopal effects, and 4) cancer metastasis.

6.2 Quantifying Intraperitoneal Fluid Shear Stress During HIPEC

Chapter 4 establishes that flow-mediated photosensitizer delivery enhances
binding, uptake, and cytotoxicity of multiple photodynamic agents. The fluid shear
stresses evaluated in Chapter 4 are within the range of 0-5 dynes/cm?, which was
based on peritoneal flow approximations of previous studies [22,23,359,360]. However,
these estimations are descriptive of baseline peritoneal flow, where additional flow is
not being applied for drug delivery. Therefore, the actual fluid shear stress rate within
the peritoneal cavity during a HIPEC procedure remains unknown. This is a major
gap in the field that should be addressed to bolster the progress of flow-based delivery
systems. To this end, we have explored several methods for measuring fluid shear
stress during the HIPEC procedure and there are two key components to be
determined: 1) the model and 2) the measurement tool.

Regarding model selection, Helderman et al. has eloquently summarized the
use of animal models for evaluation of HIPEC treatment effect [417]. These same
models that are used to evaluate therapeutic effect could also be used for
quantification of HIPEC-induced fluid shear stress. The review by Helderman et al.
summarizes 60 articles which used various animal models including rats, mice, pigs,
and rabbits, which represented 47%, 27%, 22%, and 5% of studies, respectively [417].

To study fluid shear stress, an ideal model should bear similar size and anatomy to the
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human peritoneal cavity, making pigs an optimal candidate compared to smaller
animals. Additionally, pig peritoneal cavities can accommodate commensurate
volumes of fluid compared to the human peritoneal cavity, which is an important
parameter when considering fluid shear stresses experienced.

In addition to selecting a model, a major question still remains: how can fluid
shear stress be measured? Several fluid shear stress sensing technologies have
emerged in recent decades, which could potentially be strategically implanted into
various sectors of the porcine peritoneal cavity during a HIPEC procedure. Yu and
colleagues designed a flexible polymer sensor for measurement of intravascular shear
stress [418]. The sensor determines shear stresses by measuring changes in electrical
resistance caused by flow-induced heat dissipation. In another study, Baldwin et al.
designed a biocompatible sensor that relies on the flow-induced transfer of heat from
a heating element to electrodes [419]. Electrode heating modulates impedance, which
is measured and used to calculate fluid shear stresses.

However, technical challenges still remain when considering leveraging these
sensor technologies for this particular application. For example, current fluid shear
stress sensors are designed to measure flow that moves in one direction, whereas
peritoneal flow moves in multiple directions. Secondly, considering the complex
physiological landscape of the peritoneal cavity, multiple sensors would be needed to
be implanted in various locations to achieve a holistic understanding of
intraperitoneal flow during a HIPEC procedure. Thus, the sensors would need to be

implantable but also small enough to not disturb movement of fluid in the cavity.
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To summarize this future direction, a porcine model would be an ideal
candidate for evaluation of HIPEC-induced fluid shear stress due to physiological
similarities to humans. A sensor will be needed, where the design considerations
include biocompatibility, implantability, measurements of fluid shear stress in all
directions, and miniature size to avoid flow disruption. With these considerations in
place, major advances can be made to the field through establishing a fundamental
understanding of fluid shear stress rates in the peritoneal cavity during flow-mediated

drug delivery.

6.3 NP-Tal In Vivo Evaluation of Tolerability, Bioavailability, and Therapeutic

Effect

Despite being the most potent of the FDA-approved PARP inhibitors,
talazoparib remains the most poorly tolerated, as evidenced by it’s 300-fold lower
maximum tolerated dose compared to olaparib. Converting free talazoparib into
nanoparticle formulations has the potential to revolutionize its therapeutic potential.
Zhang and colleagues recently showed in a murine model that liposomal talazaoprib
demonstrated enhanced tolerability compared to free talazoparib, based on changes in
animal weight [420]. Pathade and colleagues showed, using olaparib, that
nanoformulations overcame hematologic toxicities of the PARP inhibitor [421]. Thus,
a crucial next step for the NP-Tal work will be to evaluate tolerability in vivo
compared to free talazoparib, with metrics such as animal weight and immune cell
population dynamics. Another benefit of nanomedicines compared to free drug is
enhancements in bioavailability. Pathade found than nanoformulations of olaparib

enhanced bioavailability by up to 1.9-fold based on AUC measurements. They further
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showed that olaparib-loaded lipospheres increased the maximum plasma
concentration by up to 3-fold. Similar studies should be performed using NP-Tal to

evaluate key pharmacokinetic parameters in vivo.
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Chapter 7: Scientific Contributions

The work completed in this dissertation has resulted in 10 expected publications (4

first-author), 8 presentations (national and international), and the following

contributions to scientific knowledge:

Established novel treatment strategy combining PDP with EP4 inhibition
(Chapter 3).

Demonstrated using multiple assays (gap closure, transwell invasion) and
multiple cell lines (OVCARS, CAOV3) that PDP combined with inhibition of
the EP4 receptor attenuates metastasis-related behaviors (Chapter 3).
Confirmed that combinational effects of PIT-PDP and EP4 inhibitor can be
attributed, in part, to blocking activation of EGFR, ERK1/2, and CREB
(Chapter 3).

Established and optimized a flow-based drug delivery strategy for
enhancement of multiple photodynamic agents (Chapter 4).

Demonstrated that flow-mediated photoimmunoconjugate delivery changes
subcellular localization of photosensitizer compared to static conditions
(Chapter 4).

Confirmed that delivery of free BPD, PIC, and PIC-Nal is enhanced under
flow-based treatment by 66, 71%, and 47%, respectively (Chapter 4).
Demonstrated that cytotoxicity of BPD, PIC, and PIC-Nal are significantly
enhanced by up to 1.4-fold, 2.4-fold, and 1.7-fold, respectively, when

delivered under flow compared to static treatment (Chapter 4).

148



Established a novel 3D model of cancer evolutionary dynamics using a
coculture of fluorescently-labelled ovarian cancer cell lines OVCARS8-DsRed
and NCI/ADR-RES-EGFP (Chapter 5).

Invented and characterized a novel nanoformulation composed of talazoparib-
loaded polymeric nanoparticles with PIC decorating the surface (PIC-NP-Tal)
(Chapter 5).

Demonstrated that low-dose Tal-NP drives chemoresistance through killing
chemo-sensitive cells while sparing chemo-resistant cells (Chapter 5).
Confirmed potent anti-tumor combination effects of PIC and NP-Tal in 3D

model of ovarian cancer (Chapter 5).
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